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Abstract
Aeolian processes, characterised by eros-
ion, transport and deposition of sediment 
of the Earth´s surface, occur as natural 
land-forming processes in most arid and 
semi-arid region, but are locally also a phe-
nomenon of temperate climate areas. Wi-
thin Northern-central Europe cover sands 
of cold-climate aeolian origin as well as 
drifting sands of anthropogenic origin are 
found widespread within the European 
Sand Belt (ESB). Cover sands mainly for-
med during the Late Pleistocene (Older 
and Younger Dryas) until widespread and 
ongoing stabilization took place with the 
onset of the Holocene climate ameliora-
tion and re-vegetation. From the Neolit-
hic Period until present several re-sedi-
mentations of the Pleistocene sand sheet 
deposits as drift sands occurred, which 
was induced by human activities such as 
woodland clearings, agricultural land-use 
and grazing. Holocene aeolian dynamics 
thus consist of complex phases of Aeolian 
activity and landscape stabilization, res-
pectively, which are attributed primarily 
to changing patterns of human impact. 
The purpose of this thesis is to investi-
gate and spatially reconstruct long-term 
aeolian landscape dynamics using a small 
inland dune system in Northern Germany 
as a case study. Against the background 
of the dune formation of the Kuhharder 
Hill dune (KHD), this thesis investigated 
the timing, causes, effects and magnitu-
de of phases of aeolian activity since the 
beginning of the Holocene. In order to 
reconstruct past landscape changes and 
palaeo-environmental conditions, a mul-
tidisciplinary approach was chosen that 
combined pedological and geomorpholo-
gic analysis of aeolian sediments and past 
dune surfaces, chronology (14C and OSL 
dating), detailed stratigraphy, as well as 
palaeo-botanical records of charcoal and 
pollen. 
Four phases of aeolian sedimentation, 
and each with increasing magnitude, have 
been identified for the last ~ 2500 years, 
which have been linked to the historical 
settlement and land-use. Human activi-
ties during Roman Iron Age Period had 
only low impacts on the landscape, and 
provided the lowest deposition rate. Sin-
ce the ~ 700 AD medieval deforestation 
and overexploitation of the land resulted 
in rapid dune-building and the highest 
aeolian accumulation rates  (< 800 years 
for ~ 45 % of the total net sediment mass) 
in the KHD record since the deposition 
of aeolian sands began during the Late 
Pleistocene. The end of the medieval de-
position phase occurs surprisingly abrupt 
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and is coincident with the simultaneous 
abandonment of the nearby village Hyol-
delunt. The observed feedback structures 
of human-environmental interactions ap-
pear to be cyclical: Due to poor land-use 
management in historic as well as recent 
times severe drifting of sand and the ac-
cumulation of dunes occurred, forcing the 
local farmers to abandon theirs field and 
even their settlement, and finally, after a 
phase of recovery, adapting more extensi-
ve land management practices.
Anthracological analysis within this thesis 
contributed to the reconstruction of local 
vegetation of the different dune surfa-
ces and gave insights into the wood spe-
cies composition prior erosional events. 
Due to the ecological characteristics of 
the woody species that occur, two diffe-
rent local and extra-local/regional source 
areas of charcoal were differentiated. The 
taxonomical selection of datable charcoal 
turned out to be indispensable for the de-
velopment and interpretation of the dune 
stratigraphy.
On the basis of palaeo-environmental re-
sults, and the creation of digital elevation 
models of buried dune surfaces, 3D visuali-
sation techniques were used in order to vi-
sually reconstruct the past environmental 
conditions and local dune development. A 
visualization model was developed which 
to account of the varying quality concer-
ning temporal and spatial resolution of the 
geoarchaeological data. Photorealistic 
landscape visualizations of local and regi-
onal scale landscape reconstruction were 
developed using Autodesk® 3ds Max® 8 
and Visual Nature Studio™2.86. Additio-
nally, interactive visualization techniques 
were used that implements features such 
as flexible navigation, queries of attribute 
data. This technique ensures the interac-
tive exploration of surface structures and 
is complemented by high spatial and pa-
laeoenvironmental landscape accuracy. 
By merging geoarchaeological records 
with scientific visualization techniques 
this thesis supports researchers as well 
as educators to gain deeper insights into 
human-induced changes of landscapes in 
the past.
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Zusammenfassung
Äolische Prozesse treten als natürliche 
Phänomene in den ariden und semi-ari-
den Regionen der Erde auf, lassen sich 
aber auch lokal in humideren Gebieten 
beobachten. Der äolische Formenschatz 
Europas im sogenannten European Sand 
Belt (ESB) umfasst neben Flugsanddecken 
(cover sands) pleistozänen Ursprungs 
auch jüngere Flugsand- und Dünenbildun-
gen (drift sand), die auf eine anthropogen 
bedingte äolische Aktivität zurückzufüh-
ren sind. Die Morphogenese des äolischen 
Reliefs im Holozän zeichnet sich durch 
zeitlich alternierende Stabilität- und Ak-
tivitätsphasen, wobei innerhalb der Sta-
bilitätsphasen die Etablierung einer mehr 
oder minder geschlossenen Vegetations-
decke mit entsprechender Bodenbildung 
erfolgt, hingegen – während der Aktivi-
tätsphasen – durch anthropogene Eingrif-
fe die anstehenden verwehungsfähigen 
Substrate reaktiviert werden.
Am Beispiel der Entwicklung einer Bin-
nendünenlandschaft in Norddeutschland 
sollen in der vorliegenden Arbeit die lang-
fristige äolische Dynamik und ehemalige 
Mensch-Umwelt-Interaktionen räumlich 
rekonstruiert wie auch quantifiziert wer-
den. Im Mittelpunkt steht die Erörterung 
der Ursachen sowie die Untersuchung der 
Auswirkungen und Intensität von Phasen 
äolischer Aktivität und Winderosionser-
eignissen seit dem Holozän im Raum Jol-
delund. Zur Rekonstruktion vergangener 
Umweltzustände und Landschaftsver-
änderungen wurde ein multidisziplinä-
rer Ansatz gewählt, der bodenkundliche 
sowie geomorphologische Analysen der 
äolischen Sedimente und begrabenen 
Dünenoberflächen, Datierungsmethoden 
(14C und OSL Datierung), detaillierte Stra-
tigraphie sowie paläobotanische Metho-
den (Holzkohle- und Pollenanalyse) ver-
bindet. 
Es konnten vier Aufwehungsphasen mit 
zunehmender Intensität innerhalb der 
letzten ~ 2500 Jahren im Untersuchungs-
gebiet nachgewiesen werden. Die frühes-
te Phase anthropogen bedingter äolischer 
Aktivität mit Flugsandsedimentation da-
tiert in die Römische Eisenzeit. Mensch-
liche Eingriffe in die Landschaften hatten 
nur lokalen Einfluss, was sich in den ge-
ringsten Depositionsraten widerspiegelt. 
Weiträumige Entwaldung und Intensivie-
rung der Landwirtschaft seit ~ 700 n. Chr. 
führte zu einer Destabilisierung der vorher 
stabilen Oberflächen und einem signifi-
kanten Anstieg der äolischen Aktivität. 
Die Reaktivierung der zuvor festgelegten 
Sande hatte die Bildung mächtiger Dü-
nensedimente unter höchsten Depositi-
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onsraten zur Folge (~ 45 % der Netto-Se-
dimentmasse in weniger als 800 Jahren). 
Das Ende der mittelalterlichen Äktivitäts-
phase tritt überraschend abrupt auf und 
fällt zeitlich dem Wüstfallen des nahegele-
genen Dorfes Hyoldelunt zusammen. Die 
beobachteten Feedback-Strukturen der 
Mensch-Umwelt-Interaktionen scheinen 
im Untersuchungsgebiet zyklisch aufzu-
treten: Unangepasste Landnutzung löste 
verstärkt Bodenerosion durch Wind aus; 
die damit verbundene Reaktivierung äo-
lischer Sande führte zur Ablagerung weit-
läufiger Flugsanddecken und Dünen. Die 
sozioökonomischen Auswirkungen der 
Winderosionsereignisse zwangen die lo-
kale Bevölkerung, Ackerflächen und Sied-
lung aufzugeben und, nach einer erneuten 
Stabilisierung der Landschaft, schließlich 
nachhaltige Landnutzungsformen einzu-
setzen.  
Anthrakologische Untersuchungen im 
Rahmen der Arbeit trugen zur Rekonst-
ruktion der lokalen Vegetationsgeschichte 
bei und gaben Einblicke in die Zusammen-
setzung der Wälder vor den Erosionsereig-
nissen. Auf Grund der ökologischen Cha-
rakteristiken der identifizierten Holzarten, 
konnten lokale und extra-lokale/regionale 
Auswehungsgebiete der Holzkohle unter-
schieden werden. Zudem war die taxono-
mische Selektion von datierbaren Holz-
kohlen unverzichtbar für die Auswertung 
der dünenstratigraphischen Befunde.
Basierend auf den geoarchäologischen 
Befunden und digitalen Geländemodellen 
der ehemaligen Dünenoberflächen wur-
de ein Visualisierungsmodell entwickelt, 
mit dem Ziel, einerseits wissenschaftlich 
belastbare 3D-Landschaftsvisualisierun-
gen zu erstellen und andererseits, geoar-
chäologische Befunde der breiten Öffent-
lichkeit verständlich zu präsentieren. Mit 
unterschiedlicher Visualisierungssoftware 
(Autodesk® 3ds Max®, Visual Nature Stu-
dio™2.86, a3Dc) wurden Szenarien der 
Landschafts- und Dünengenese datenan-
gepasst auf unterschiedlichen geographi-
schen Skalen visualisiert. Über die Integ-
ration einer 3D-Echtzeit-Umgebung sowie 
einer multimedialen Lernumgebung för-
dert unser Visualisierungsmodell die Inter-
pretation historischer Umweltdaten und 
den Dialog zwischen Wissenschaft und 
Öffentlichkeit.
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11Introduction
Landscapes are dynamic systems that 
respond to changes in the environment, 
whether they are due to natural process-
es within the climate system or a result 
of human interference. The latter refers 
particularly to sustainable changes of 
landscapes occurred as a result of acceler-
ated soil erosion since the Neolithic land 
acquisition and use (Warren and Bärring 
2003). By reducing and removing vegeta-
tion cover for land-use purposes, the soil 
surface remained uncovered for longer 
periods, becoming prone to soil erosion 
processes. During times of erosive rain-
falls or strong winds, top soil may be de-
tached, transported and deposited down-
hill or across open space over considerable 
distances.  Accelerated soil erosion can 
have important on-sites (e.g. loss of soil 
and organic matter, nutrient loss, de-
crease of soil fertility) and off-sites (e.g. 
sedimentation in water bodies, eutroph-
ication, and loss in biodiversity) effects 
(Pimentel et al. 1995), causing valuable 
land to become unproductive and often 
eventually abandoned (Pimentel 2006). 
Soil erosion can be occurring as both, a 
very slow process that continues relatively 
unnoticed or at an alarming rate, causing 
serious loss of topsoil and soil degradation 
over a very short period of time. In cen-
tral Europe, landscapes have experienced 
long-term histories of human-induced 
landscape changes that occurred in sev-
eral stages (e.g. Neolithic period, Bronze 
Age, Iron Age, Medieval Times, Modern 
Times) from the beginning of the Holo-
cene until present times, and which have 
left erosional forms and sediments relat-
ed to past land-use (Bork et al. 1998). To 
understand our present day landscape a 
historic perspective is needed: on past soil 
erosion processes and land-use changes, 
the magnitude and rates of those chang-
es and how they may influence present 
and future trajectories of geomorphic re-
sponse. Investigating anthropogenic sed-
iments – using them as palaeo-archives 
for human-environmental interaction – is 
a long tradition of interdisciplinary re-
search (Lang and Bork 2003), since these 
sediments »contain cultural artifacts, bi-
ological evidence of former ecosystems 
(pollen, macrofossils, etc.) or geochemical 
and mineralogical signals that record the 
sources of sediment and the character of 
land-use before and after contact« (James 
2013, p. 16). In terms of past wind erosion, 
the investigation on sedimentary records 
of aeolian deposits, such as inland dunes 
and aeolian drift sands, can provide val-
uable information on past human-envi-
2ronmental interactions and past land-use 
changes in aeolian landscapes. Aeolian 
sediments are especially sensitive to en-
vironmental and land-use changes, main-
ly because their geomorphic response to 
human impact often occurs relatively fast. 
The geoarchaeological, geomorphologi-
cal and pedological analysis of soil-sedi-
ment-sequences of inland dunes in com-
bination with modern dating methods 
may thus provide valuable information on 
the recurrence and intensity of human- or 
climate-driven phases of dune instability 
and stability over time. Additionally, this 
multidisciplinary approach provides the 
possibility to temporally and spatially re-
construct past landscape dynamics at least 
on a local scale. Landscapes reconstruc-
tions that derived from geoarchaeological 
approaches are important to facilitate and 
improve predictions about the current and 
future state of the landscape as well as en-
able scenarios for future conditions (Mar-
cucci 2000). By merging scientific visuali-
zation techniques with geoarchaeological 
landscape reconstructions, past landscape 
conditions can be transformed into visual 
information that, on the one hand, helps 
to enhance geoarchaeological interpreta-
tion and contributes to a wider academic 
discourse among scientists, on the other 
hand can be more easily understood by 
non-scientists. The latter is particularly 
important for sustainable landscape plan-
ning at the local level, where landscape 
changes are important relative to conser-
vation planning (Bender et al. 2005).
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2.1 Research aims
The overall aim of this thesis is to con-
tribute to a better understanding of the 
landscape development of inland dune 
areas of Weichselian sandy outwash plain 
of Northern Germany and its interactions 
with the local settlement and land-use 
history. It aims to investigate and spatially 
reconstruct the long-term aeolian land-
scape dynamics using a small inland dune 
system in Northern Frisia (Schleswig-Hol-
stein) as a case study. Against the back-
ground of the dune formation, this thesis 
seeks to investigate the timing, causes, 
effects and magnitude of phases of aeoli-
an activity since the beginning of the Hol-
ocene. 
In order to understand aeolian processes, 
a range of related questions concerning 
vegetation cover and composition, as well 
as land-use changes need to be investi-
gated. Additionally, to enhance and sup-
port geoarchaeological interpretation on 
long-term landscape changes, this thesis 
aims to establish highly detailed, local 3D 
landscape reconstructions and scenarios 
of past landscape surface changes based 
on geoarchaeological records and using 
scientific visualization techniques. The 
investigations were realized within the 
Graduate School Human development in 
Landscapes (GSHDL) of the Kiel Universi-
ty.
2.2 Structure of thesis
The structure of the thesis is designed 
so that major questions concerning the 
topics discussed above are presented in 
chapter 3 (State of the Art). Chapter 4 (Re-
search methods) provides an overview of 
the approach and shortly summarizes all 
methods applied in this study. More de-
tailed descriptions of the methods are giv-
en in chapters 6–8. The research area and 
the regional setting, including an over-
view of the Late Quaternary and Holocene 
landscape is presented in chapter 5 (Re-
gional setting).
Chapter 6, a manuscript soon to be sub-
mitted to the Journal of Quaternary Sci-
ence, aims to understand how and to 
what extent changes initiated by human 
activities have affected aeolian landscape 
dynamics and examines the intensity of 
geomorphological processes reflected as 
deposition rate in the dune record. In ad-
dition, the study seeks to find out what 
4feedbacks were associated with these 
changes on human socio-cultural systems. 
This multidisciplinary study aims to com-
bine multiple data sets derived from e.g. 
botanical, geomorphic/sedimentological, 
pedological records, historical and archae-
ological data and dating methods (14C and 
OSL dating) in order to spatially recon-
struct past environmental conditions and 
human-related interferences. 
In order to better understand past land-
scape and vegetation changes and the 
processes of dune formation, informa-
tion on the local vegetation history is nec-
essary. Chapter 7, which is published in 
Quaternary International, aims to recon-
struct small-scale, local vegetation cover 
by wood species analysis from sediment 
charcoal fragments. This approach is also 
chosen in order to complement vegeta-
tion history previously only reconstruct-
ed from pollen records. Finally, this study 
aims to find out how taxonomic charcoal 
assemblages can support the geoarchae-
ological interpretation of dune record and 
whether aeolian sediments may serve as 
archives of former occurrences of woody 
species.
The objective of chapter 8, published in 
Kartographische Nachrichten, is to devel-
op a visualization model that includes 3D 
scenarios of geoarchaeological landscape 
reconstructions on different geographical 
scales that addresses the different scien-
tific requirements as well as the expecta-
tions of public users. This study asked how 
geoarchaeological results can be turned 
into reliable photorealistic 3D landscape 
visualization including different temporal 
and spatial resolutions and how 3D visu-
alization techniques can support scientif-
ic discussion on the acquired field data, 
palaeo-botanical analyses, laboratory and 
dating results as well as improve geoar-
chaeological interpretation on landscape 
changes.
The thesis concludes with a summary of 
key research results, given as three sep-
arate chapters and highlights what is dis-
tinctive about it.
53State of the Art
3.1 Origin and development 
of aeolian sand deposits in 
the European Sand Belt 
Aeolian sands deposits are widespread 
throughout the north-western and central 
European Lowlands, collectively forming 
the European Sand Belt (ESB). This sand 
belt extends from Great Britain (Bateman 
1998), where is occurs only in patches, 
and continues on the European continent 
from the Netherlands and Belgium in the 
west across to Denmark, Germany and 
Poland and finally into Belorussia and Rus-
sia (Kolstrup 1991, Koster 1988, Kozarski 
and Nowaczyk 1991, Manikowska 1991, 
Pyritz 1972, Zeeberg 1998) (Figure 3.1).
The northern edges of the ESB are marked 
by marine deposits of the Post-glacial 
transgression of the North Sea, while in 
Jutland, Denmark, as well as in Germany 
and Poland the boundaries follow rough-
ly with the glacial limits of the Last Glacial 
Maximum (Koster 2005). To the south the 
sand belt coincides more or less with the 
northern loess boundary of the Rhine Riv-
er (Hilgers 2007) (Figure 3.1).
According to Koster (2005) aeolian sand 
sheets (cover sands) are the dominant 
landform in the western part of the ESB, 
where they have a much greater areal ex-
tent compared to the inland dune fields. 
In contrast, large inland dune fields are 
found in the eastern parts of the ESB, 
probably a result of the climate gradient 
from the Atlantic to more continental cli-
mate associated with increasing aridity 
(Böse 1991, Schirmer 1999). According to 
Kasse (1997, p. 308) the following four fac-
tors are considered essential for the sand-
sheet formation: 
a) The presence of unconsolidated  
 sandy deposits providing source  
 material for aeolian transport,
b) Low regional relief, generally not  
 exceeding 200 m, 
c) Sparse vegetation cover, and
d) Low sand availability due to the  
 periodically wet, frozen or   
 cemented depositional surface.
Three main categories are distinguished in 
the terminology of Aeolian deposits: sand 
dunes, sand sheets and loess blankets (Pye 
and Tsoar 2009). Aeolian sand dunes are 
mounds or ridges of loose sand formed by 
wind deposition and ranging in size from 
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7less than 1 m to several kilometers (Pye and 
Tsoar 2009, p. 2). Sand sheets are defined 
as accumulations of sand characterized 
by a relatively flat to gently undulating re-
lief without significant dune topography, 
and loess blankets principally consists of 
silt that is formed by the accumulation of 
windblown dust, often mantling a pre-ex-
isting land surface.
In western Europe, the term »cover sand« 
is commonly used and has a stratigraph-
ical as well as a geomorphological mean-
ing (Koster 1982). In this study the fol-
lowing definitions and terms proposed 
by Castel et al. (1989) and Koster (2005) 
are adopted. Cover sands are essential-
ly cold-climate aeolian deposits, which 
formed during the last glacial period and 
»are not directly related to present or for-
mer coastlines or river courses« (Koster 
2009, p. 95). The term »drift sand« is used 
for aeolian deposits which resulted from 
reactivation or reworking of Pleistocene 
cover sands by human impact during the 
Late Holocene period. 
Research on these aeolian sediments has 
a long tradition and numerous studies 
have been carried out on their lithology 
and sedimentology, age and interpreta-
tion in terms of palaeoenvironmental re-
construction (Kasse 2002, Hilgers 2007). 
Phases of strong aeolian activity since the 
last glacial period in western and central 
Europe are therefore well-known (Schirm-
er 1999, Kasse 2002, Koster 2005).
The majority of aeolian deposits within the 
ESB originate from phases of increased 
aeolian activity during the Late Plenigla-
cial, Older Dryas and Younger Dryas, sep-
arated by periods of surface stabilization 
with soil formation during the Bølling and 
Allerød (e.g. Hoesel et al. 2012, Kaiser and 
Clausen 2005, Kasse 1999, 2002, Kaiser et 
al. 2009, Kolstrup 1991, Schirmer 1999). 
Age determinations and chronostratigra-
phy of the aeolian sequences were made 
using relative age determinations (e.g. 
lithostratigraphic, morphostratigraphic 
and pollen analysis) and absolute dating 
techniques such as thermoluminescence 
(TL) of sandy sediment and AMS radiocar-
bon measurements of palaeosols and or-
ganic materials (e.g. peat, charcoal, wood 
pieces) (Kozarski and Nowaczyk 1991). 
Comprehensive overviews on the areal 
distribution of the aeolian deposits and 
local to regional activity models in Europe 
are provided within Kozarski (1991), Kasse 
(1997), Schirmer (1999), Koster (2005) and 
Tolksdorf and Kaiser (2012). 
Numerous studies have addressed the is-
sue of human-triggered reactivation of ae-
olian sandy deposits and formation of drift 
sands throughout Northern and North-
ern-Central Europe, e.g. Denmark (Boas 
1997, Mikkelsen et al. 2007), Netherlands 
(Castel 1991, Koster et al. 1993, Wallinga 
et al. 2007, van Mourik et al. 2010, Sevink 
et al. 2013), Belgium (e.g. Derese et al. 
2010) the UK (Bateman and Godby 2004) 
and Poland (Kozarski and Nowaczyk 1991). 
On the basis of a synopsis of 189 lumines-
cence ages and more than 300 14C-dates 
from palaeo-surfaces Tolksdorf and 
Kaiser (2012) recently identified several 
phases of aeolian sedimentation and land-
scape stabilization during the Holocene, 
beginning with distinct aeolian activity 
during the early Holocene: The Mesolithic 
Period (~ 6500 yrs BP), Late Neolithic Peri-
8od (~ 4000 yrs BP), Late Bronze Age/ early 
Pre-Roman Iron Age (~ 2700 yrs BP), Ear-
ly to High Medieval Ages (600–1200 AD), 
and Late Medieval Ages to Modern Times 
(1200–1600 AD). For Germany, the first 
comprehensive study on the morphogen-
esis, provenance, age and sediment char-
acteristic of inland dunes in Lower Saxony 
was provided by Pyritz (1972), who differ-
entiated between (pre-Holocene) older 
inland dunes (»Altdünen«) and (Holocene) 
younger inland dunes (»Jungdünen«) and 
Figure 3.2: Location of thus-far investigated dune areas and amount of published AMS and OSL datings for 
Schleswig-Holstein (map based on Grube 2016) 
1
2
3
4
5
6
No. of location Location Number of dates Dating method Stratigraphical position Reference
1 Föhrden 2 14C buried soil Kaiser et al. 1989
2 Joldelund 3 14C buried soil / slag pit Richter 1965
3 Jadelund 3 OSL aeolian sand
2 14C charcoal layer in aeolian sand / buried soil
4 OSL aeolian sand/buried soil
5 Riesbriek 1 14C buried soil Fleige et al. 2006
2 Joldelund 15 14C charcoal layer in aeolian sand / buried soil Jansen et al. 2013
6 Boostedt 2 14C buried soil Grube 2016
5 14C charcoal layer in aeolian sand / settlement pit
6 OSL aeolian sand
Lungershausen 2016
Mauz et al. 2005
4 Brammerau
2 Joldelund
9pointed out that human-induced reacti-
vation of aeolian sand dunes during the 
late Holocene has been much greater 
than previously assumed. Further detailed 
investigations on the formation of Late 
Holocene aeolian deposits in Germany 
have been largely carried out in Lower 
Saxony (Alisch 1995), Brandenburg (de-
Boer 1995, Hilgers 2007, Nicolay 2014), 
Mecklenburg-Western Pomerania (Kaiser 
et al. 2002, Küster et al. 2014) and Schle-
swig-Holstein (Müller 1999, Mauz et al. 
2005, Grube 2016). However, the precise 
timing of phases of aeolian sedimentation 
and geomorphic stabilization is not easy 
to determine, due to the limited number 
of well-dated sequences and the influence 
of local depositional processes (García-Hi-
dalgo et al. 2007, Tolksdorf and Kaiser 
2012). This holds particular true for the re-
gion of Schleswig-Holstein. 
 
Within Schleswig-Holstein specifically, 
only limited research with coarse tempo-
ral and spatial resolution has been under-
taken thus far on inland dunes, especially 
for the Holocene period (Tolksdorf and 
Kaiser 2012, Küster et al. 2014). Palae-
oenvironmental and climatic reconstruc-
tions have therefore been based on the 
chronostratigraphy of only very local dune 
areas (Kaiser et al. 1989, Richter 1965, 
Müller 1999, Mauz et al. 2005, Grube 
2016). As recently stressed by Küster et 
al. (2014, p. 65): »in these locations mainly 
morphogenetic and lithofacial approach-
es on Holocene dune formation were dis-
cussed, with chronological classifications 
hitherto based on palynological and only 
a few AMS and OSL datings.« Figure 3.2 
summarizes the locations with previous-
ly investigated inland dune areas in the 
Schleswig-Holstein region and associated 
chronological data. 
3.2 Inland dunes as archives 
of past landscape and 
vegetation dynamics 
In central Europe, soils have been exploit-
ed for agricultural purposes from the Neo-
lithic onwards, and as a consequence, an-
thropogenic soil degradation is as old as 
agriculture itself (Zuazo and Pleguezuelo 
2009). Following the general conceptual 
model of Bork et al. (1998) which incorpo-
rates the long-term interaction between 
past soil erosion and land-use change, it is 
assumed that during the whole Holocene 
the climate conditions and quality of soils 
allowed the development of dense vege-
tation which stabilizes erosive processes, 
with the exceptions of riparian systems, 
coastlines, and alpine systems (Dotter-
weich 2008, Dotterweich and Dreibrodt 
2011). Many landscapes were therefore 
relatively stable systems, providing ideal 
conditions for human land-use (Dotter-
weich 2008). The opening of a closed veg-
etation cover through human activity may 
potentially cause an interruption of the 
Holocene surface stability, accelerating 
soil erosion either by water or wind, with 
the products accumulating as colluvial 
deposits on slopes and alluvial sediments 
in floodplains (Trimble and Lund 1982, 
Hooke 2000), and as aeolian drift sand 
areas (sheets or dunes) (Koster 2005), 
and can thus be closely linked to the set-
tlement and land-use history (Bork et 
al. 1998, Niller 1998, Schatz 2000, Drei-
brodt et al. 2010, Küster et al. 2014). Due 
to their wide distribution and continuous 
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presence for at least 7000 years these an-
thropogenic sediments serve as valuable 
geo-bio-archives to reconstruct the evo-
lution and land-use of past landscapes, 
and especially human-environmental in-
teractions (Bork et al. 1998, Leopold and 
Völkel 2007,  Dreibrodt et al. 2010, Tolks-
dorf and Kaiser 2012). 
3.2.1 Dunes as archives of past 
landscape dynamics 
The analysis of aeolian sediment sequenc-
es preserved within inland dunes along 
the ESB offer the possibility to recon-
struct long-term geomorphic dynamics 
(Küster et al. 2014).  In order to determine 
a »post quem« age of aeolian (drift) sand 
formation, radiocarbon ages of the top-
most part of intercalated palaeo-surfaces 
(e.g. organic (peat) layer and palaeosols) 
have traditionally been used (Castel 1991, 
Kolstrup 1991, Koster et al. 1993, deBo-
er 1995, Schirmer 1999, van Mourik et 
al. 2010). An important problem with this 
approach is the accurate dating of aeo-
lian sediments and landforms, and the 
duration of the »effective« aeolian peri-
ods (Koster 2010). Establishing whether 
periods were dominated by active drift 
sand deposition or soil formation is often 
not possible using this approach. Since 
palaeo-surfaces represent phases of geo-
morphic stability »the possibility of a hia-
tus (non-depositional or erosional) at the 
transition of the peat layer or soil profile 
and the overlying drift sand cannot be 
excluded« (Koster 2010, p. 39). A 14C and 
OSL dating based chronology of a drift 
sand sequence in southern Netherlands 
showed that radiocarbon ages of buried 
humic horizons are not always reliable 
for the chronology of drift sand sequenc-
es (van Mourik et al. 2010). Despite lumi-
nescence dating techniques proving very 
useful for the chronology of aeolian land-
scape evolution, only a few studies have 
examined luminescence dates from aeoli-
an sands throughout the Holocene to the 
present  (Radtke 1998, Bateman and Godby 
2004, Mauz et al. 2005, Hilgers 2007, van 
Mourik et al. 2012, Willemse and Groene-
woudt 2012). This study aims to address 
this discussion by providing a high resolu-
tion chronology for the Holocene aeolian 
sedimentation of a northern-German in-
land dune sequence that is based on both 
14C and OSL dating techniques.
3.2.2 Dunes as archives of local 
vegetation dynamics
Dunes often preserve buried peat and soil 
horizons from which pollen has been suc-
cessfully analysed in several studies (Kai-
ser et al. 1989, Castel 1991, Brande et al. 
1999, Kowalkowski et al. 1999). However, 
selective degradation / preservation of or-
ganic matter and pollen, and relocation 
of pollen within permeable dune sands, 
can diminish the reliability of pollen re-
sults from such sediments and their use 
in reconstructing past vegetation (deBo-
er 1995, Tomescu 2005, Twiddle 2012). 
Pollen analysis from buried peat layers, 
if existent, is much better suited to re-
veal vegetation change on a local and re-
gional level. However, there are potential 
complications when it comes to the re-
construction of spatially precise species 
occurrence and composition (Nelle et al. 
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2010). To overcome this, analysis of wood 
charcoal can provide additional site-re-
lated information of wood species occur-
rence and woodland composition. So far, 
many studies have used charcoal from soil 
profiles to reconstruct fire and vegetation 
history (Poschlod and Baumann 2010, Tal-
on 2010, Robin et al. 2011). However, only 
few anthracological studies have been 
performed on sandy sediments, especially 
dunes (Keit and Mothes 1942). Thus, the 
application of charcoal analysis as part of 
dune investigations is not yet well devel-
oped, although charcoal layers are men-
tioned in publications on dune develop-
ment (Seppälä 1995, Schlaak 1999), and 
are routinely used for radiocarbon dating 
of layers within profiles (Seppälä 1995, 
Kowalkowski et al. 1999, Schirmer 1999, 
Loope and Arbogast 2000, Ivester and 
Leigh 2003). This study aims to examine 
the potential of inland dunes to provide 
geo-bio-archives for anthracology. It also 
attempts to reveal whether taxonomic in-
formation on dune charcoal can support 
the sedimentological / geomorphologi-
cal interpretation by indicating potential 
provenances of dune sands (chapter 7).
3.2.3 Dunes as archives for 
quantifying past human impact on 
landscapes
The formation and stabilization of inland 
dunes in the ESB have been intimately 
linked to sediment availability, climate 
change and human-induced changes (e.g. 
Schirmer 1999, Koster 2005, chapter 3.1). 
The analysis of soil-sediment-sequences in 
inland dune archives in combination with 
bio-archives (soil charcoal and pollen) en-
able the reconstruction of palaeoenviron-
mental conditions and history of aeolian 
activity. Although aeolian sediments are 
known as sensitive indicator for soil ero-
sion induced by land-use (Tolksdorf et al. 
2013), comparable quantitative studies on 
past erosion and deposition rates still re-
main elusive for drift sand deposits. This is 
mainly because wind transport processes 
are highly variable in space and time (Has-
senpflug 1998) and the reconstruction of 
clear spatial boundaries, i.e. the location 
and size of both sediment source and ac-
cumulation is highly complex or even im-
possible. Within these broad limitations, 
this study attempts to quantify spatio-
temporal changes in the dune topography 
and aims to compare deposition rates of 
past aeolian sedimentation phases in or-
der to assess human impact on the aeolian 
landscape evolution.
3.3 Three-dimensional 
landscape visualization of 
(pre)historic environmental 
data 
Communication of science to the research 
community and beyond to the general 
public is increasingly recognized as a re-
sponsibility of all scientists (Leshner 2003). 
New research results are usually present-
ed using conferences or via journal papers, 
while the wider communication is usually 
an afterthought (Royal Society 2006). In 
this context, a crucial step in scientific re-
search is to communicate research results 
to both the scientific community and the 
public, either as written or oral reports or 
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in the form of data visualization such as 
charts, diagrams, maps, graphics, and 3D 
computer models (Sheppard 2005c). Most 
of the research results are contained with-
in 2D and 3D representations with a rela-
tive high level of abstraction and simplifi-
cation. Besides traditional visualizations, 
such as sketches, perspective drawings or 
photomontages, in this study visualiza-
tion refers to computer-generated land-
scape visualizations (Lange 2002), which 
attempt to represent actual places and 
on-the-ground conditions with 3D per-
spective views from different viewpoints, 
with varying degrees of realism (abstract 
to photo-realistic) (Sheppard and Salter 
2004, Bishop and Lange 2005). Landscape 
visualization as a branch of geovisualiza-
tion is a relatively new research discipline 
that has been gradually establishing it-
self in the spatial sciences since the 1990s 
(Gabler-Mieck and Duttmann 2007). It in-
tegrates scientific computing, cartogra-
phy, image analysis, information analysis, 
exploratory data analysis and geograph-
ic information systems (GIS) to provide 
theory, methods, and tools for the visual 
exploration, analysis, synthesis, and pres-
entation of geospatial data (MacEachren 
and Kraak 2001). Depending on the visu-
alization technique, the presentation of 
landscape visualizations can be static or 
dynamic on different levels of interactiv-
ity and on immersive or non-immersive 
displays (Lange 2002, Bishop and Lange 
2005). Appleton et al. (2002) discuss three 
broad approaches which combine visual-
ization and geographic information sys-
tems (GIS): i) image draping, where images 
are draped on a 3D terrain to produce still 
images or animation; ii) photorealistic ren-
dering, where vegetation and other land-
scape features can be incorporated in the 
landscape scene to provide a more realis-
tic representation of an area and iii) virtual 
reality, where a virtual simulation environ-
ment can be interactively and immersively 
explored by the users. 
Based on a growing volume of geodata 
with a high degree of geometrical reso-
lution, such as digital elevation models, 
topographical data, and aerial or satel-
lite images (Traub and Kohlus 2006,  Ga-
bler-Mieck and Duttmann 2007), visuali-
zation environments are now capable of 
rendering landscapes in three dimensions 
with photorealistic effects (Figure 3.3). 
These visualizations are more illustrative; 
enabling the rather abstract information 
contained in maps and plans to be com-
municated in a format that is more easily 
understood (Lange 2001). 
Today, methods to visualize landscapes 
and landscape processes in three dimen-
sions are increasingly used, not only in ur-
ban and regional planning (e.g. Sheppard 
2005c, Paar 2006), but also in the field of 
geography (e.g. Lange 2001, Buhmann 
2002, Kääb et al. 2003, Boldt et al. 2005) 
and archaeology (e.g. Kramer 2007, Teich-
mann 2010). In particular, 3D visualization 
is being increasingly utilized in planning 
where it can support consensus building 
on public issues by transforming large 
amounts of rather abstract data into un-
derstandable images (Bishop and Lange 
2005), and serves as an engagement 
and communication medium within the 
broader context of participatory decision 
making (Stock et al. 2008, Wu et al. 2010, 
Pettit 2011). Moreover, it is considered a 
powerful tool to communicate existing 
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conditions and alternative landscape sce-
narios, past and present, for research, ed-
ucation, and consultation (Priestnall and 
Hampson 2008), and may substantially 
improve the awareness-building process 
on issues associated with climate change 
(e.g. local renewable energy and flood pro-
tection) (Sheppard 2005a). Duttmann et al. 
(2012) highlight a number of advantages 
3D landscape visualization techniques for 
geographical purposes: the improvement 
of spatial visualization through 3D rep-
resentations of landscapes features, the 
illustration of abstract information via re-
alistic landscape images, and the possibil-
ity of creating scenarios and virtual scenes 
of present and historic landscapes in order 
to support environmental education. With 
respect to geoarchaeological research, 
the potential of 3D landscape visualization 
techniques for the presentation and re-
construction of past landscapes and land-
scape change dynamics are still far from 
being exploited. Only a few studies repre-
sent the outcomes of landscape and veg-
etation reconstructions using photorealis-
tic 3D landscape visualization techniques 
(Fuest and Schnirch 2003, de Boer 2009, 
Siart et al. 2011, Szücs 2014). A major 
challenge is to create 3D landscape visu-
alizations that meet various expectations 
of the scientific and public communities 
and to create reliable 3D scenarios of past 
landscape surfaces on different geograph-
ical scales. This study presents a visualiza-
tion model which aims to i) create reliable 
Figure 3.3: Three-dimensional landscape visualization of the present situation of the study area (Source: R. Ga-
bler-Mieck)
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3D visualizations based on geodata, ii) to 
integrate knowledge from multiple disci-
plines to support an interdisciplinary dia-
logue and iii) to link scientific knowledge 
transfer and public outreach to improve 
communication between scientists and 
non-scientists. 
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4Approach & Methods
This chapter shortly summarizes all meth-
ods used for this study. Methods are de-
scribed in detail in chapter 6 (Lungershau-
sen et al. 2016, unpublished), chapter 7 
(Jansen et al. 2013) and chapter 8 (Lunger-
shausen et al. 2013).
4.1 General approach
Geoarchaeology is a cross-disciplinary re-
search area interfacing earth-science and 
past human activity (Rapp and Hill 1998, 
Roberts 2001, Butzer 2008). In order to ex-
amine and reconstruct past environmen-
tal changes and the impact of human ac-
tivities on the development of landscapes, 
geoarchaeological research makes use 
of a large number of methods and tech-
niques in the field of geomorphology, soil 
science, palaeoecology and environmen-
tal history (Rapp and Hill 1998, Goldberg 
and Macphail 2006, Fouache 2013). GIS 
and 3D visualization techniques are also 
used to display photorealistic landscape 
scenarios that include the impact on, and 
response of, humans to environmental 
changes during the Holocene (Ghilardi 
and Desruelles 2008, Siart et al. 2011). 
The methods applied in this study are 
largely adopted from the landscape re-
construction approach presented by Bork 
et al. (1998) which was developed by the 
Task Force of the European Society for Soil 
Conservation (ESSC) on long-term effects 
of land use on soil erosion. This geoarchae-
ological approach focuses on the recon-
struction of past soil erosion events and 
their causes by using bio-geo-archives as 
important sources of information on local 
to meso-scales (Bork et al. 1998, Bork et 
al. 2001, Dotterweich 2003a, Dotterweich 
2004, Schmidtchen and Bork 2003). Figure 
4.1 shows a overview of the approach and 
the steps undertaken in this study, with 
the methods used briefly described in the 
following sections.
4.2 Field work
4.2.1 Site selection
A preliminary field survey was carried out 
in August (25–30/08/2008) and Septem-
ber 2008 (30/09/2008). In order to get a 
general idea of the present soil varieties 
and to gain an overview of the predomi-
nant substrate and soil conditions, nat-
ural and artificial outcrops were studied 
and 60 auger corings of up to 2 m were 
carried out throughout different parts of 
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the ~ 80 ha large inland dune field (Figure 
4.2). The soil overview map (BÜK 200) of 
Schleswig-Holstein as well as the results 
of the forestry site mapping from 1990 
(provided by the Lower Forest Authority) 
and of the General soil inventory from the 
1930s (»Reichsbodenschätzung«) provid-
ed an initial basis for site selection. Crite-
ria for the selection of the study site were: 
i) the absence of disturbed layers due to 
e.g. previous archaeological excavations, 
cultural layers, forest path, or marl pits; 
ii) the presence of a distinct sequence of 
soils and/or humic layers and aeolian sed-
iments, and iii) a site covered with forest 
(soil and sediment preservation). The Kuh-
harder Hill dune (KHD, german: Kuhhard-
er Berg) in the western part of the inland 
dune field was chosen as a case study 
because it met these criteria, and in par-
ticular pedo-sedimentological sequences 
found in auger corings at the site were 
deemed to have high environmental re-
construction potential. The Kuhharder hill 
dune complex has an area of ~ 2 ha and is 
covered with forest (municipal forest of 
Joldelund). Moreover, in the course of the 
preliminary field survey disturbed layers 
were not found.
4.2.2 Dune profiles and sampling
A detailed field study was conducted on 
the selected study site from November 
2008 until May 2009. At the ~ 2-ha large 
Figure 4.1:  Overview of the various methods included in the landscape reconstruction approach (according to Bork 
2006, modified)
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dune complex twelve exposures up to ~ 25 
m in length and ~ 2.5 m in depth were 
excavated with the help of an excavator. 
All excavation sites were created deep 
enough to reach the base of Holocene 
deposits. Where the distinct sediments of 
the underlying moraine deposits couldn’t 
be reached by the excavator, an Edelman 
hand auger was used to determine the to-
tal depth of the dunes. Centered on the 
KHD (central area), eight profiles were 
opened within a maximum horizontal dis-
tance of ~ 50 m (profile 1–3, 6–8 and 12; 
Figure 4.3, Figure 4.4). Another four pro-
files were excavated towards the southern 
and north-western edge of the study area 
(Profile 4–5, 9–10; Figure 4.3, Figure 4.4). 
Two profiles (profile 1–2) are the cross-sec-
tions through the main dune body (KHD), 
with a total length of ~ 35 m and a maxi-
mum depth of ~ 2.3 m.
After cleaning and smoothening of the 
sidewalls of each profile, sand layers and 
(buried) soil horizons were identified and 
described using the following field meth-
ods: 
i) all dune profiles were docu-
mented in scaled drawings and 
photographs;
ii) soil colour was determined us-
ing Munsell soil color chart; 
preliminary survey areas (land parcels)
Area of municipall forest
500
m
Preliminary field survey
 Overview of selected land parcels of Joldelund community
6567
74
18
46
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Figure 4.2: Areas of preliminary survey prior to site selection
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iii) texture, bulk density and soil 
formation processes were record-
ed according to the German Soil 
Mapping Guide KA5 (AG Boden 
2005); 
iv) soil types and (buried) soil ho-
rizons as well as aeolian deposits 
and their stratigraphy sequence 
were first described according 
to German soil classification and 
then translated into the interna-
tional soil classification system 
WRB (IUSS Working Group WRB 
2015);
v) archaeological finds and fea-
tures such as iron slags, traces of 
slag pits or ditches were docu-
mented, sampled and interpreted 
together with specialists  (e.g. ar-
chaeologists, geobotanists) of the 
University of Kiel (CAU).
To quantify sediment deposition at the 
KHD, the excavation sites were comple-
mented with five shallow pits (G1–G5) in 
the central and southern part of the re-
search area in November 2009 (Figure 
4.3). Within all excavation sites the dis-
tinct glacial sediments (moraine, Pleisto-
cene) underlying the dunes were reached, 
which ensured that the entire Holocene 
sedimentary record was analysed, and 
made the quantification of the total Holo-
cene aeolian deposition possible.
In this thesis, nine of the twelve profiles 
were selected for sampling and further 
analysis (profile 1–6, 8, 9 and 12). Sam-
ples for sedimentological and pedological 
analyses such as grain size, organic mat-
ter, pH value, soil iron content and bulk 
density (undisturbed soil samples) were 
taken within 13 sampling sections (here-
after referred to as »vertical section« or 
»VS«) (Figure 4.3). Depending on topogra-
phy, stratigraphy and length of the expo-
sures, up to three vertical sections per pro-
file were analysed. Samples were taken at 
the vertical sections from bottom to the 
top to avoid the mixing (and contamina-
tion) of the samples below. A rough strati-
graphical sequence was developed along 
hte main soil horizons. Sampling for soil 
bulk density determination was limited to 
four vertical sections (profile 2, 3, 5 and 8), 
because sediment density is expected to 
be relatively homogeneous in sandy soils 
(~ 1.6 g cm-3, Koorevaar et al. 1983).
For radiocarbon dating and charcoal 
analysis samples were taken from inter-
bedded organic-rich horizons, charcoal/
humic layers and a slag pit in profile 6 
(Figure 4.4). Numerous charcoal piec-
es and samples of charcoal/humic layers 
(1000 g–2000 g) were collected according 
to the stratigraphic sequence. Samples 
for optical stimulated luminescence (OSL 
dating) were taken from sand deposits in 
three sections in profile 2. OSL sampling 
was performed during the day at regular 
depth intervals (~ 25 cm) using ~ 0.3 m 
long opaque tubes (diameter: 5  m), which 
were hammered into the outcrop. From 
each OSL sample a sample for the deter-
mination of the dose rate from a 30 cm 
region surrounding the sample tubes were 
collected (200–300 g).
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Figure 4.4: Field work: Excavation sites, auger coring and total station survey
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4.2.3 Soil coring survey
A comprehensive coring campaign was 
carried out over six weeks from June un-
til July 2010. The coring was done using 
Pürckhauer and Linnemann soil augers. 
The Pürckhauer corer was used for drillings 
up to a depth of 1 m, while the Linnemann 
auger with lengthening rod was used to 
reach 2 m drilling depth. In total, ~ 125 
corings of up to 2 m were performed in or-
der to log and model the height of marker 
horizons such as buried dune surfaces and 
soil horizons and to ensure a correct spa-
tial interpolation of the sedimentary units 
(Figure 4.3). At all coring locations, the fol-
lowing pedological and geomorphological 
data were recorded: i) position and ele-
vation, ii) upper and lower depths of soil 
horizons, iii) soil colour, iv) soil texture and 
v) stratigraphic context and thickness of 
sand deposits/soil horizon. Finally, all ex-
cavation sites and coring locations were 
surveyed with a laser-based Leica TCR-407 
total station (Figure 4.4). All pedological 
and geomorphological data (position, el-
evation, chrono-stratigraphic correlation, 
and thickness of soil horizon/sediment 
layer, soil colour and estimated grain size) 
were imported into ESRI ArcGIS to allow 
further processing and quantification of 
sedimentary layers.
4.3 Laboratory analysis 
4.3.1 Sediment analysis
All sedimentological and pedological anal-
ysis was conducted in the Department for 
Physical Geography, Landscape Ecology, 
and Geo-Information (GIS) laboratories 
within the Kiel Institute of Geography. For 
grain size analysis, sediment samples of 
15 g (< 2 mm) were treated with H₂O₂ and 
subsequently sieved to 630 μm, 200 μm, 
125 μm and 63 μm size fractions. All sam-
ples were dried at 105 °C and then weight-
ed. Particles < 63 μm were analyzed ap-
plying standard procedure for grain size 
analysis (Köhn pipette). 
In order to compare the different sed-
imentary deposits, the grain size data 
were processed using the grain size sta-
tistic program GRADISTAT (Blott and Pye 
2001). Grain size parameters such as the 
mean (M) and median (Md) of each sam-
ple were calculated using the Folk and 
Ward (1957) method. In addition, Trask’s 
sorting coefficient (So) and ratio of me-
dium to fine sand (MS:FS) was calculated 
in order to compare the results with ear-
lier studies (e.g. Alisch 1995, Müller 1999, 
Mauz et al. 2005)
Soil bulk density (SBD) was determined 
by taking at least three constant volume 
samples per sedimentary layer. The sam-
ples were dried at 105 °C, weighed, and 
the mean SBD with standard error was 
calculated (see chapter 6).
4.3.2 Soil analysis
The measurement of total organic carbon 
and nitrogen was performed applying the 
combustion method on a HekaTech Euro 
EA 3000 Elemental Analyser. Each sample 
was combusted at 1000 °C and elemental 
carbon was measured by a thermal con-
ductivity detector. Organic matter con-
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tent (OM) was then calculated using the 
conversion factor of 1.742, assuming that 
organic matter of soils amount to approx-
imately 58 % organic carbon (Nelson and 
Sommers 1996). 
The determination of pedogenic iron ox-
ides (FeD) was processed using dithion-
ite-citrate-bicarbonate (DCB) extraction 
method proposed by Mehra and Jackson 
(1960). A 1 g air-dried sample was first treat-
ed with 100 ml dithionite and heated up to 
75–80 °C in water bath. It was then centri-
fuged and the supernatant was decanted. 
Iron was measured using a flame Atomic 
Absorption Spectroscopy (AAS) system 
(PerkinElmer). The amount of amorphous 
iron oxides (FeO) was determined using 
acid-ammonium oxalate (AAO) extraction 
technique introduced by Tamm (1932) and 
modified by Schwertmann (1964). For this, 
a 1 g air-dried sample was treated with a 
solution of 100 ml acid oxalate and then 
shaken for one hour in the dark.
Soil pH was determined for each sample. 
A 1:2 soil to deionized water mixture and a 
soil to 0.01M CaCl₂ mixture was prepared 
and stirred several times before left to set-
tle into a supernatant solution. The pH of 
the solution was then measured with a pH 
meter. 
4.4 Dating methods
4.4.1 Radiocarbon dating
Radiocarbon dating is an absolute dating 
technique which is based on the  decay of 
naturally occurring radioactive elements. 
Radiocarbon (14C) is one of three iso-
topes of carbon. The other two isotopes, 
12C and 13C, are stable isotopes, while 14C 
is unstable and weakly radioactive. 14C is 
continually produced in the upper atmos-
phere (stratosphere) by the action of cos-
mic ray-induced radiation on 14N atoms 
in the atmosphere (Libby 1955). It is then 
oxidized and mixed with the atmospheric 
CO2 to form a particular form carbon diox-
ide (14CO2) (Geyh and Schleicher 1990). It 
then enters the global carbon cycle and is 
thus assimilated by plant through the pho-
tosynthetic process, and enters the food 
chain of animals. Once an organism dies, 
no further exchange of 14C can take place 
and the radiocarbon concentration starts 
to decrease through radioactive decay 
with a half-life of a 14C atom is 5730 ± 40 
years (Godwin 1962). The radiocarbon dat-
ing is based on this rate of decay of the 
radioactive 14C. It measures the age of the 
»carbonate phases in radiocarbon years 
by the level of nuclide 14C remaining in the 
sample« (Jull and Burr 2015, p. 669). The 
common expression of how the remaining 
amount of 14C atoms is related to time is
     (1)
where N0 is the number of 
14C atoms at 
the time t=0, N is the number at any 
time (t) and l is the defined rate of decay 
(1/8.267 yrs). This implies an upper age 
limit of this dating technique of around 
45000 years (Walter 2005).
The measured age is an uncalibrated re-
sult which is usually is given in years BP 
and called the »conventional radiocarbon 
age (CRA)« (Jull and Burr 2015). This age 
is not comparable to a historical age since 
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it includes i) the use of the incorrect half-
life of 5568 years (»Libby« half-life) instead 
of 5730 years, ii) the assumption of a con-
stant 14C atmospheric concentrations dur-
ing the past, and iii) the using year 1950 
AD year zero (Stuiver and Polach 1977) 
and is therefore converted into calender 
age using calibration techniques. Cali-
bration of the radiocarbon age is needed 
since it is well known that atmospheric 
14C concentrations vary over time due to 
fluctuation in the production rate of 14C 
(de Vries 1958). Changes in 14C production 
are known to be caused by »geomagnet-
ic and solar modulation of the cosmic-ray 
flux, and the carbon cycle« (Reimer et al. 
2013, p. 1870). Moreover, since industrial 
revolution (~ 1870 AD), variations in 14C/12C 
ratio triggered by the use of fossil fuel and 
resulted in a dilution of 14C in the atmos-
phere by release of 12CO2 (Suess 1955), 
which is known as »Suess-effect«. More 
recently, the testing of nuclear meapons 
lead to a constrasting effect (»bomb-ef-
fect«), namely a release of large quantities 
of 14C into the atmosphere (Rethemeier 
2014).
In our study, the abundance of numerous 
charcoal and organic-rich layers (humic 
layers and peat) in most of the sand layers 
permitted Accelerator Mass Spectrom-
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etry (AMS) radiocarbon dating1 to ob-
tain the chronology of land-use change. 
Samples of charcoal and humic layers 
(1000  g–2000 g) were taken from the ver-
tical sections and in the immediate pe-
riphery depending on the dune stratigra-
phy (chapter 6). 
Prior to the radiocarbon dating, samples 
were dry-sieved through a 630 µm-mesh 
and taxonomic identification of wood 
charcoal was carried out to avoid the old 
wood effect and the dating of modern co-
nifers such as Picea. Therefore, relatively 
short-lived woody taxa such as Ericaceae, 
Populus/Salix, and Betula were preferred 
to enhance the reliability of the ages 
(Gavin 2001, Gavin et al. 2003). According 
to Gavin et al. (2001) the age of the meas-
ured charcoal sampe relative to the time-
since-fire is one crucial source of error in 
this dating approach and must be consid-
ered before interpreting fire ages. This so 
called »old-wood« effect appears when 
towards the end of a growing season tree 
rings are laid down and, accordingly, the 
carbon exchange with the biosphere ceas-
es before death (Bowman 1990).
14C dating were performed by the Leib-
niz-Laboratory for Radiometric Dating 
and Isotope Research at Kiel University, 
following standard methods (Nadeau et 
al. 1997, Nadeau et al. 1998, Grootes et al. 
2004) and ages were calibrated according 
to Reimer et al. (2013) using OxCal v4.1.7. 
In the following chapters, all 14C results 
are reported in percent Modern Carbon 
1 In the following, the expression 14C dating   
 refers to AMS radiocarbon dating 
(pMC)2 with ± 2-σ measurement uncer-
tainty. All dating results are documented 
in appendix 2.
4.4.2 Optical Stimulated 
Luminescence (OSL)
Optical luminescence dating, similar to 
thermoluminescence is based on the prin-
ciple that energy (luminescence signal) is 
stored in the crystal lattice of minerals, 
such as quartz or feldspar, in response to 
the natural ionizing radiation (a, b and 
g radiation) of the environment, and by 
cosmic rays (Duller 2015). This radiation 
causes the emission of free electrons 
from naturally occurring isotopes, mainly 
uranium (U), thorium (Th) and potassium 
(K), which are trapped in crystalline lat-
tice defects (Aitken 1985). When a min-
eral grain (e.g. from aeolian sediment) is 
buried, electrons start to accumulate in 
the »electron traps« with time. As soon 
as the mineral is exposed to sunlight, for 
example during aeolian transport, the lu-
minescence signal is bleached by releas-
ing the electrons from the traps, known as 
»bleaching event« (Aitken 1998, Preuss-
er et al. 2008, Cordier 2010, Liritzis et al. 
2013). If the bleached sediment is buried 
again, the luminescence signal will start to 
build up again (Aitken 1998) (Figure 4.5). 
The time elapsed since the last exposure to 
daylight can be calculated by dividing the 
total amount of radiation that the sample 
was exposed to (palaeodose or »natural« 
signal, Figure 5.5) by the amount of radi-
2  According to Stuiver and Polach (1977) 
	 100	pMC	is	defined	as	the	14C-concentration of  
 the atmosphere in 1950 AD.
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ation that the sample receives from the 
natural environment per year (dose rate):
In the laboratory, the luminescence signal 
can be measured through light stimula-
tion (Huntley et al. 1985). The palaeodose 
can be estimated in the laboratory by the 
determination of the equivalent dose De, 
which is the amount of artificial simulated 
dose that would be required to produce 
the natural luminescence signal (Wintle 
1997). 
There are two approaches to evaluate the 
palaeodose: the additive method and the 
regeneration method. Both approach-
es include the calculation of a so-called 
dose response curve which reflects the in-
crease of latent luminescence in the min-
eral grains with increasing dose (Preusser 
et al. 1998). Depending on the number of 
subsamples (aliquots) the estimation of De 
can be done using multiple aliquots pro-
tocols, single aliquots protocols or single 
grain techniques. Detailed informations 
on these approaches of luminescence dat-
ing technique are provided within many 
references by e.g. Wintle (1997), Aitken 
(1998), Stokes (1999), Duller (2001, 2008, 
2015) and Preusser et al. (2008).
The annual dose rate comprises a, b and 
g radiation from nuclear decay of U, Th 
and K and cosmic ray dose (Mejdahl and 
Christiansen 1994). It needs to be calcu-
lated i) from the internal radioactive con-
tent of a sample and ii) from the external 
radioactive contribution from the site of 
the deposition (Lowe and Walker 1997). It 
is usually assumed that the dose rate has 
remained unchanges since the sediment 
was deposited, although fluctuations in 
radiation levels over time may occur as a 
result of e.g. disequilibrium in the uranium 
decay series, changes of cosmic ray flux 
and gamma (g) radiation with burial depth 
or changes in water content during burial 
period (Li et al. 2008). 
Two parameter are particularly important 
when calculating the dose rate: i) the grain 
size of the minerals because of the differ-
ent penetration power of the different 
kinds of radiation, and ii) the water con-
tent, since it is known that water absorbs 
radiation very differently than sediment 
and has the effect of »diluting« the dose-
rate to the sample by almost the same 
proportion as its amount (Liritzis et al. 
2013, p. 22). 
As with every method, there are uncer-
tainties in the luminescence method that 
needs to be considered when assessing 
OSL ages. A concise review of sources of 
errors of luminescence ages associated 
with uncertainties in both palaeodose and 
dose rate estimation are given by Wall-
inga and Cunningham (2015). One key con-
cern lies in the degree of bleaching of any 
luminescence signal prior to deposition, 
which may not be sufficient for resetting 
(»zeroing«) the OSL signal and  lead to an 
age overestimation. Sediments bearing a 
high potential for insufficient bleaching, 
such as in fluvial (Keen-Zebert 2015) glaci-
ofluvial (Raukas 2004), deep-marine (Rob-
erts 2015) and lacustrine sedimentary 
(Murray and Olley 2002) settings, are less 
likely to provide reliable ages. However, 
sediment exposure to daylight during ae-
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olian transport is generally considered ad-
equate to reset the OSL signal completely 
(Murray and Olley 2002, Kolstrup 2007).
In addition, variations in the water content 
over the burial period are an important 
source of uncertainty for luminescence 
ages. The water content is important be-
cause attenuates the dose rate that reach-
es the mineral grains and therefore influ-
ences the age determination.  An increase 
of 1 % in moisture content increases the 
age by roughly 1 % (Aitken 1985). To put 
it in a simplified way: the larger the water 
content increases over time, the larger the 
decrease in dose rate and, hence, the like-
lihood of overestimating the age increas-
es.
Other sources of uncertainty, such as 
sediment mixing as a result of reworking 
or bioturbation, radioactive disequilibria 
(fluctuation in radiation level) can also in-
fluence the dose rate and, thus, the age 
result of the sediment. Despite all these 
sources of potential uncertainty, through 
the careful sampling design, preparation 
and analytical methods, the minimum rel-
ative errors for sample ages are typically 
5–10 % at 1s-range (68 % confidence in-
terval) (Tooth 2015). With respect to the 
possible age range using OSL, many lab-
oratories can nowadays produce age es-
timates from a few decades old to more 
than 500 ka (Murray and Olley 2002). 
»However, the use of quartz for OSL dat-
ing is typically limited to the last 100–150 
ka because of saturation effects of the 
quartz luminescence signal with increas-
ing dose« (Zander and Hilger 2013, p. 719).
Within the scope of this study, OSL dating 
was carried out at the University of Sze-
ged, Hungary, and the following laborato-
ry procedures were kindly provided by Dr. 
Sipos György (appendix 2).
In the laboratory, all sample prepara-
tion was carried out under subdued light 
of low pressure Na lamps, filtered by a 
Schott BG 18 glass in order to avoid any 
loss of luminescence. For sample prepa-
ration standard techniques were used as 
proposed by Aitken (1998) and (Mauz et 
al. 2002). Prior to luminescence meas-
urment, quartz grains of 90–150 μm size 
were extracted and for each sample, 24 
aliquots were prepared to determine the 
equivalent dose (De) and an additional 21 
aliquots were used to perform a preheat 
plateau test. Then, preheat plateau test of 
dose was carried out on each sample. The 
quartz samples were stimulated by 470 
nm blue light and the luminescence signal 
was detected using a Hoya U-340 filter set 
to 290–390 nm. 
The equivalent dose was measured us-
ing the standard single-aliquot regener-
ative-dose protocol (SAR) described by 
Wintle and Murray (2006). The measure-
ment of the natural luminescence signal 
was followed by three regenerative cycles 
with increasing doses, and a cycle with 
zero dose. Finally, the lowest regenera-
tion dose was repeated for the calcula-
tion of the recycling ratio. The sensitivity 
change of aliquots during the procedure 
was monitored with identical test doses 
administered following the measurement 
of the natural signal and the regenerated 
signals. The value of test doses was set to 
be similar to the expected equivalent dos-
es. At the end of the SAR cycle an infrared 
stimulated luminescence (IRSL) / OSL test 
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measurement was also inserted in order 
to determine the IRSL depletion ratio and 
check for possible feldspar contamination 
(Duller 2003, Mauz and Lang 2004), how-
ever no evidence for this was found.
Prior to the actual equivalent dose meas-
urements, preheat plateau tests were 
made on each sample in order to define 
the preheat temperature at which repro-
ducibility and precision are the highest 
(appendix 2). Adequate preheat tempera-
ture was found to be between 210 °C and 
240 °C. Cut heat temperature was set to 
160 °C  (Wintle and Murray 2006). The re-
ceived and corrected OSL data were eval-
uated using RISO Analyst 3.24 (2007). The 
integration of the first 0.6 s of the shine 
down curve was taken as the OSL signal, 
and the last 10 s as the background. Dur-
ing calculation of aliquot equivalent dos-
es, a 2.0 % systematic error was added in 
order to reflect uncertainty in the intensi-
ty of the OSL stimulation source and the 
positioning of the aliquot relative to the 
beta source (Vandenberghe et al. 2004). 
Some aliquots were rejected from equiv-
alent dose calculations for the following 
reasons: i) the recycling ratio was outside 
1.00 ± 0.05 (referring to increased sensi-
tivity change), ii) the error of the De was 
larger than 10 % (referring to deviation 
from linear fitting and error in sensitivity 
correction), or iii) the recuperation signal 
was over 5 % of the natural signal (refer-
ring to significant charge transfer).
Sensitivity corrected dose responses (Lx/
Tx) were fitted with a saturating exponen-
tial function (y = a(1-exp(-x/b)) (appendix 
2). Individual De values and errors deter-
mined for the aliquots of the same sample 
were then determined from the frequency 
histograms, with the mean value provid-
ing the sample De and the standard de-
viation taken as the sample De error. The 
errors for sample De were all in the range 
of 10–15 %.
Environmental dose rate calculations 
were based on the Th (ppm), U (ppm) and 
K (%) content of samples, as provided by 
high resolution, low-level gamma spec-
trometry. Radioactive disequilibrium in 
the uranium chain was not observed. Dry 
dose rates were determined after Adamiec 
and Aitken (1998). The dose rate of beta 
radiation was corrected using the atten-
uation factors given by Mejdahl (1979). 
Wet dose rates were assessed on the basis 
of in situ water contents and assuming a 
5 % error in order to account for possible 
fluctuations (Table 6.3). The rate of cosmic 
radiation was determined on the basis of 
burial depth and following the method of 
Prescott and Hutton (1994). 
4.4.3 Combining 14C and OSL 
dating
In order to provide a detailed and compre-
hensive chronology for developing an ap-
propriate interpretation from the dune re-
cord, two independent dating techniques 
were used. Where organic material such as 
charcoal was abundant 14C dating was fa-
voured for chronological reconstructions. 
However, the uncertainties associated 
with sedimentary charchaol results have 
to be considered, as older charcoal may 
have been reworked due to aeolian pro-
cesses and mixed with younger deposits. 
Therefore, the 14C age of charcoal is po-
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tentially a maximum age of the aeolian de-
posit (see chapter 7), with the reliability of 
the dates therefore based on the assump-
tion that the charcoal was incorporated 
into sand deposits soon after the burning 
event. This particular disadvantage of the 
dating technique can be reduced when 
OSL dating is applied in combination with 
14C dating (Cheetam et al. 2010). OSL is 
particularly useful to determine the mo-
ment of deposition and burial by meas-
uring the time since the sediments were 
last exposed to sunlight, provided that the 
mineral grains have been fully bleached by 
the transport event. In contrast to 14C dat-
ing the uncertainty surrounding OSL ages 
(at least 4–5 %) (Duller 2015) is relatively 
large. 
4.5 Palaeoecological methods
Paleaeecology focuses on long-term veg-
etation pattern and dynamics and en-
compasses a number of palaeobotanical 
methods such as pollen analysis (palynol-
ogy) and charcoal analysis (antracology) 
in order to study past changes in these 
terrestrial envrionments (Twiddle 2012). 
Both pollen and charcoal analysis are 
well-established methods to investigate 
past vegetation composition and to im-
prove the interpretation and reconstruc-
tion of the history of human impact on 
the landscape (Mazier et al. 2006, Nelle et 
al. 2010). While pollen analysis is used to 
identify occurrences and relative changes 
at regional scales in tree and herb species 
and cryptogams (Faegri and Iversen 1989), 
charcoal analysis provides local site-relat-
ed information on woody vegetation and 
is based on the extraction, quantification, 
and identification of wood charcoal from 
soils or sediments (Nelle et al. 2013).
However, both methods have many po-
tential limitations: e.g. pollen identifica-
tion suffers from limited taxonomic res-
olution (Birks and Birks 2000), implying 
that some ecologically important taxa can 
not be individually distiguished. Moreover, 
the composition of the background pollen 
influx »is exceedingly complex, compris-
ing different proportions of taxa ranging 
from species that produce small amounts 
of locally dispersed pollen to other species 
that produce huge quantities of wind-dis-
persed pollen« (Birks and Birks 2000, p. 
31) that may bias the record. The quality of 
the pollen archive and, thus, the preserva-
tion conditions also have to be considered 
when interpretion pollen data.
The main limitations of charcoal analysis 
are:  only information on the woody vege-
tation are provided, depositional process-
es of charcoal rarely occur continuously, 
and that a bias towards  specific wood 
species for different purposes, such as fire 
making or house building, cannot ruled 
out in the interpretation of the vegetation 
composition  (Nelle et al. 2010). Hence, as 
suggested by Nelle et al. (2010, p. 2127) 
a combination of both approaches might 
compensate for their disadvantages and 
strengthen the interpretations of vegeta-
tion composition and dynamics on a local 
and regional scale.
4.5.1 Charcoal analysis
Pedoanthracological analysis, or the tax-
onomic analysis of wood charcoal from 
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soils and sediments was carried out in order 
to gain local, small-scale information of the 
occurrence of woody species in the study 
area over time. In combination with pollen 
studies, charcoal analysis can be a powerful 
tool to reconstruct the local fire and veg-
etation history. Moreover, charcoal taxa 
were identified prior to radiocarbon dating 
to avoid the previously discussed old wood 
effect, and to exclude modern species from 
dating, i.e. Picea. Therefore, short-lived 
species such as Ericaceae, Populus/Salix, 
and Betula were preferred. Pinus was not 
used since it is known to also occur in mod-
ern plantations.
During the field campaign, ~ 50 samples 
were taken from charcoal-enriched and 
humic layers of the profiles 1–6, 8 and 11. 
In the laboratory, the samples were dry-
sieved using a mesh width of 630 mm. Char-
coal analysis were then performed within 
the Department of Palaeoecology of the 
Institute for Ecosystem Research in Kiel by 
Dr. Doris Jansen, Dr. Vincent Robin and PD 
Dr. Oliver Nelle.
For each charcoal sample a minimum of 
30 pieces were analysed, apart from a few 
samples which contained less than 30 piec-
es. Taxonomic identifications of the very 
small wood charcoal (1 to several millim-
eters, very rarely up to 1 cm) was carried 
out using a stereoscope with magnification 
up to x112 (Nikon SMZ 1500) and an inci-
dent-light microscope with magnification 
up to x500 (Nikon ME 600, light and dark 
field) following Schweingruber (1990a, b) 
and the reference collection of charred 
wood of the Palaeoecology Research Group 
of the Institute for Ecosystem Research, 
Kiel. 
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As charcoal preserves the cellular struc-
ture of wood, its anatomy can be easily 
recognized (Pique and Pique 1993). For 
identification it is necessary to study char-
coal from three standard anatomical sec-
tions: specifically the transveral, radial and 
tangential section (Figure 4.6). Therefore, 
the charcoal is manually broken under the 
stereoscope (x7.5–10) to obtain fractured 
surfaces that expose these three orien-
tations. The identified fragments were 
subsequently weighed for each species to 
calculate percentages on the number and 
weight. If the charcoal pieces were large 
enough, wood diameter measurement 
were also performed on the basis of the 
visible growth ring curvatures in combina-
tion with the angles of wood rays (Nelle 
2002, 2003, Ludemann et al. 2004). 
4.5.2 Pollen analysis
Palaeobotanical sampling was carried out 
using special metal box (»Stechkasten«) 
of 30 x 15 x 10 cm to sample an undis-
turbed bloc of an organic rich infill from a 
settlement pit structure preserved in pro-
file 5. From this bloc, eight samples of 1 
cm³ from the organic rich layers were tak-
en for pollen analysis. The samples were 
treated according to standard procedure 
(Faegri and Iversen 1989), using potassi-
um hydroxide to dissolve organic matter, 
fluoric acid to get rid of sand material, and 
acetolysis. Pollen and palynomorphs were 
counted with a Nikon Eclipse light micro-
scope with x400 and x1000 magnification, 
up to 500 arboreal pollen grains per sam-
ple. Percentages are based on the total 
land pollen sum, including Calluna. Alnus 
which was categorized as a wetland plant, 
and excluded from the calculation sum. 
The pollen calculations and diagram were 
completed using the software Tilia 1.7.14 
(Eric Grimm, 1999–2011).
4.6 Archaeological and 
historical data
4.6.1 Evaluation of maps
The evaluation of available topographic 
and historic maps of the study area may 
reveal important information on the more 
recent development and land-use chang-
es to the landscape. The oldest historic 
map of the area (1793 AD) shows the land 
use in the municipality of Joldelund after 
the so called  »Verkoppelung«, an agrarian 
reform in Germany initiating the partition-
ing of commons from rural communities 
(Prass 2000). Furthermore, topographic 
maps covering a period over of 130 years 
could be evaluated in order to reconstruct 
land-use history from the late 18th century 
to present (see chapter 5, Figure 5.8).
4.6.2 Archaeological and historical 
data
During the afforestation in the 1950s, sev-
eral archaeological sites were discovered, 
and formed the basis for further archaeo-
logical investigations at the end of the 20th 
century (Jöns 1997). Special emphasis was 
placed on botanical and anthracological 
analysis of iron ore production sites (Dör-
fler 2000, Dörfler and Wiethold 2000). 
Results of these archaeological investiga-
tions have been included in the landscape 
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reconstruction presented in this study. 
Historic sources might also give hints on 
the type of historic land-use, possessions 
and settlement history. Publications of 
hand-written copies of the church regis-
try of Schleswig Minster by Hansen and 
Jessen (1904) were available in Latin; and 
were kindly partially translated into Ger-
man by Uta and Georg Emunds. 
4.7 Data processing and 
modeling 
4.7.1 Descriptive statistics
Descriptive statistics analysis were used 
to evaluate and compare the sedimento-
logical and pedological results (chapters 
4.3.1 and 4.3.2). 
Results of grain size analysis of ~ 130 sam-
ples were processed using the the grain 
size statistic program GRADISTAT provid-
ed by Blott and Pye (2001). Statistical grain 
size parameters such as the mean (M) and 
the median (Md) were calculated for each 
sample based on the Folk and Ward (1957)
method. Then, the classic Trask sorting 
coefficient (So) is determined by dividing 
the 75th percentile by the 25th percentile. 
In addition, the ratio of the particle class-
es medium sand to fine sand (MS:FS) was 
calculated in order to assess conditions 
of sand accumulation within the profile.
Descriptive statistics were also used to an-
alyse and compare the main soil parame-
ters such as soil organic matter (OM), soil 
bulk density (SBD), soil pH and pedogenic 
iron oxides (FeD, FeO).
Box-and-whisker-plots were then creat-
ed in order to depict similarities and dif-
ferences within sedimentary and soil pa-
Figure 4.7: Examples of multiple box-whisker-plots plotted in stratigraphical order of the sedimentary units (unit P–
unit 6) for the parameter gravel content and coarse sand fraction
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rameter of the identified stratigraphical 
units and soil horizons using the statistical 
software R. Each box-and-whisker-plot 
provides a graphical view of the median, 
quartiles (75th and 25th percentile), maxi-
mum, and minimum as well as outliners of 
a data set. For each grain size fraction and 
soil parameter multiple box-and-whisker-
plots were plotted in stratigraphic order 
of the identified sedimentary units (Figure 
4.7).
4.7.2 Modelling past dune surfaces
In order to reconstruct past dune sur-
faces on a spatial scale the point-relat-
ed (or profile-related) pedological and 
geomorphological data (e.g. position, 
depth, chrono-stratigraphic correlation 
and thickness of marker horizons, soil col-
our and estimated grain size) needed to 
be regionalized. This means that spatial 
features (e.g. buried dune surfaces) are 
derived from the spatial distribution of 
measured properties (e.g. depths of a dat-
ed marker horizon).
For the generation of digital elevation 
models of the past dune surfaces, the fol-
lowing steps were undertaken (see chap-
ter 6):
i)  Determination of exact location 
of 125 field measurements of the 
depth of the different identified 
marker horizons (buried soil hori-
zon, sedimentary boundaries) us-
ing laser-based total station
ii) Determination of exact location 
of ~ 125 field measurements of 
the depth of the underlying Pleis-
tocene moraine deposit using la-
ser-based total station
iii) data preparation (Microsoft 
Excel) and import of all elevation 
(depth) information as (3D) point 
cloud (xyz-data set) into ESRI 
ArcGIS 10.1
iv)  Generation of a TIN model (Tri-
angulated Irregular Network) for 
each stratigraphic unit.
v) Conversion of all TIN models to 
separate surface raster models 
(DEMs) through natural neighbor 
interpolation using the 3D Ana-
lyst. 
By way of example, Figure 4.8 shows the 
reconstruction of the surface of the strati-
graphic unit 3 based of measured eleva-
tion data. 
In order to quantify and evaluate the ge-
omorphic changes of the KHD over time, 
the ArcGIS Add-In version of the Geomor-
phic Change Detection (GCD) software 
(www.gcd.joewheaton.org) was applied. 
The open-source GCD tool was used to 
derivate spatial error models and estimate 
geomorphic changes (changes in net vol-
umes) in the dune topography while ac-
counting for significance of uncertainties 
in DEMs (see chapter 6).
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4.8 Visualization methods
Three different 3D visualization software 
products were applied to visualize geo-
archaeological results and to spatially re-
construct landscape development within 
the study area. What follows are short de-
scriptions of the 3D visualization software 
and its use in this study (chapter 8).
4.8.1 Autodesk® 3ds Max® 
The 3D CAD animation software Au-
todesk® 3ds Max® 8 was used to visualize 
the dune building phases of KHD, local 
vegetation history and small-scale land-
use changes. Autodesk® 3ds Max® 8 is a 
comprehensive visualization tool primari-
ly applied in the fields of design and archi-
tecture, and also in computer games. The 
basic principle of Autodesk® 3ds Max® 8 
is to model 3D objects and create materi-
als representing their surfaces. Simple 3D 
objects such as spheres, cubes or planes 
serve as basic elements for complex 
shapes. Materials are termed a collection 
of textures, either from raster images or 
processed in a procedural manner, which 
are used to define the non-geometrical 
appearance of the surface characteristics 
of a 3D object such as colour, shade, opac-
ity and others. Scene objects can be ani-
mated in many ways, e.g. the animation 
of spatial position, size or surface charac-
teristics of any parameter. 
To achieve a photorealistic appearance of 
the virtual landscape, maps and textures 
can be used, such as photographs of graz-
ing animals and plants or designed bitmap 
files of soil profiles. Furthermore, dyna-
mism of landscape processes can be cre-
ated by animating different materials and 
maps, for example, by fading 3D objects 
and animating fire events by modelling 
flames and smoke.
4.8.2 Visual Nature Studio™2.86 
Scenarios of the past and actual land-
scape surfaces were visualized using the 
GIS-based software Visual Nature Stu-
dio™2.86 (VNS) developed by 3D Nature. 
In contrast to 3D CAD software, VNS is 
specialized for modelling natural land-
scapes. By using different geospatial data, 
such as a digital elevation model (DEM) 
and vector datasets, raster images as well 
as modelled 3D objects as input, VNS en-
ables the user to generate photorealistic 
landscape images and animations. VNS 
provides a number of pre-defined tools, 
so-called components, to generate a vir-
tual landscape. Comparable to a modular 
construction system, landscape features 
such as vegetation, terrain surfaces and 
manipulations, illuminations and cloud 
types and water bodies can be defined 
and animated independently. Further-
more, texture mapping of terrain surfaces 
or 3D objects allow users to create a real-
istic appearance of surfaces, for example, 
by covering them with hatches, patterns 
or images using GIS data and their at-
tributes (e.g. for density, positioning and 
orientating). By animating single parame-
ters, the software provides representation 
of landscape feature dynamics, e.g. veg-
etation, surface movement and land use 
patterns. In order to represent plants and 
vegetation types, billboards are used. Bill-
boards are center-view-oriented vertical 
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rectangle planes (Gabler-Mieck and Dutt-
mann 2007), textured with an image repre-
senting geo-objects such as trees, flowers 
and animals. Hence, virtual ecosystems 
can be associated with vector objects to 
define spatial position and distribution. In 
addition, 3D objects (e.g. houses) can be 
integrated in the virtual landscape. 
4.8.3 Real-time environment a3dc 
The third tool applied is a web-based 3D 
real-time environment named a3dc. It 
provides interactive visualizations of the 
landscapes using Java3D libraries (Ga-
bler-Mieck and Duttmann 2007). Thus, 
a3dc displays geospatial and thematic in-
formation as provided from common ge-
ographic information systems. The a3dc 
software also offers numerous other inter-
action options: Using DEM as basic input, 
it permits unrestricted navigation. A3dc 
also allows modifications to illumination, 
visibility conditions and positioning of 3D 
objects. Therefore, it empowers users to 
perform, for example, interactive 3D visi-
bility analyses. Data is organized in a free-
ly-definable layer structure, enabling the 
depiction of 3D text, billboards, thematic 
maps or 3D objects as layer objects. These 
could be associated with attribute data or 
with URLs to show websites or local HTML 
content. In addition, a3dc allows the as-
signment of one or more behaviours to 
any layer object, for example, the anima-
tion of layer objects for a predefined path 
(Gabler-Mieck and Duttmann 2007). Com-
parable to VNS and Autodesk® 3ds Max® 
8, raster images are also used as billboards 
for displaying single plants or a specific 
vegetation cover. 
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5Regional Setting
5.1 Reaseach area
The research area is the Kuhharder Hill 
dune (KHD, german: Kuhharder Berg), 
a small inland dune southwest of the vil-
lage Joldelund (54° 38‘ 45“ N, 9° 7‘ 14“ E, 
Northern Frisia), ~ 25 km southwest of the 
town Flensburg and ~ 25 km northeast 
of the town Husum (Figure 5.1). It lies in 
the municipality of Joldelund (Joldelund 
region), which is located in the so called 
»Geest« of Schleswig-Holstein, a part of 
the Weichselian outwash plain of the Jut-
land Peninsula. The Geest is embedded in 
the so-called European Sand Belt (ESB); 
this sand belt constitues extensive aeo-
lian deposits formed mainly during the 
last glacial period (Zeeberg 1998, Koster 
2005). Figure 5.2 shows the position of 
Joldelund within the ESB and the distri-
bution and location of dunes within Schle-
swig-Holstein. Inland dunes and cover 
sands are most prevalent in the Geest of 
Schleswig-Holstein (comprising the so 
called »Vorgeest», »Altmoräne« or »Hohe 
Geest«) which form a narrow, north-south 
stretching landscape unit between the 
marshland in the West and the young-
er-moraine landscape in the East of Schle-
swig-Holstein.
The Joldelund region includes parts of 
the so called Schleswiger Vorgeest (»Vor-
geest«) and Bredstedt-Husumer Geest 
(»Altmoräne«) (Meynen and Schmithüsen 
1953–1962). The prevailing depositional 
units within the area are i) glaciofluvial 
sands, ii) periglacial reworked moraines 
of the Late Saalian (Warthe II) glacia-
tion (MIS 6 according to Litt et al. 2007, 
Stephan 2014) as well as iii) aeolian and 
organogenic sediments.
The area of the KHD constitutes ~ 2 ha 
and forms the westernmost part of an 
~ 80 ha large inland dune field. These 
dunes cover an end moraine ridge which is 
orientated from northwest to southeast. 
The surrounding relief is mostly flat and 
inclines gently towards the west (Back-
er et al. 1992, Riedel 1997). The highest 
point of the inland dune field is at KHD 
(~ 30.3 m  asl); the lowest elevations are in 
the valley bottoms of Neue Au Creek and 
Ostenau Creek (~ 7 m a.s.l.3) (Figure 5.1). 
The difference in height in relation to the 
research area is maximum ~ 23 m.
At present, the inland dune field and re-
search area is mainly covered by conifer-
ous forest. It was afforested in the 1950s 
due to a government-funded afforesta-
3 The expression m.a.s.l refers to the 
 standard reference level »Normalhöhennull«  
 (NHN)
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Figure 5.1: Overview of the research area: Joldelund region and location of Kuhharder Hill dune (KHD)
(KHD)
(KHD)
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tion program (Programm Nord 1979). The 
KHD is situated in the municipal forest of 
Joldelund which covers an area of ~ 13 ha 
(Figure 5.1). 
After the field study presented here a 
severe European winter storm (Cyclone 
Christian) caused widespread damage in 
forests within Schleswig-Holstein in Ok-
tober 2013 (DWD 2013, MELUR 2013, SHLF 
2014a). This storm affected the forests of 
Joldelund. However, it was especially the 
falling trees (blowdowns) and the sub-
sequent clearance of storm damage by 
heavy machinery (SHLF 2014b), which led 
to significant changes in the local dune to-
pography.
5.2 Geologic setting and Geo-
morphology
The geology of the shallow subsurface 
of the Joldelund region is characterized 
by Pleistocene and Holocene sediments. 
Weichselian glaciofluvial deposits (glaci-
ofluvial sands) of the Sandur plain dom-
inate the Joldelund region. During the 
Weichselian Late Glacial Period glacio-
fluvial sediments were transported west-
wards from the glacial portals near Flens-
burg, Oeversee and Sieversted by melt 
water streams (Strehl 1999). Within these 
deposits, the grain size becomes pro-
gressively finer towards the west (Frän-
zle 1985). The research area is situated 
around 20 km from the Weichselian ice 
margin and relatively fine sediments like 
medium sands with varying proportions 
of fine sand, dominate the the glaciofluvi-
al sediments, and serve as parent material 
for the local soils. Remains of an older end 
moraine (Kamm Hill; german: Kammberg) 
are exposed in the central and eastern 
part of the research area, and are associ-
ated with the younger Saalian (Warthe II) 
ice advance (Strehl 1999). These deposits 
were periglacially reworked and eroded 
during the Weichselian glaciation. At pres-
ent, the Kamm Hill is ~ 29.8 m in height 
and rises above the surrounding relief of 
the Sandur plain which is mostly flat and 
inclines gently in the western direction 
(Figure 5.3). 
In the northwest and southeast of the 
Saalian moraine aeolian cover sands and 
dunes superimpose the glacial and glaci-
ofluvial deposits. The old aeolian relief in 
the wider region of Schleswig-Holstein, 
including the research area, was predomi-
nantly formed during the Weichselian Late 
Glacial (Older and Younger Dryas) (Gripp 
1967, Jatho 1969, Müller 1999, Koster 
2005, Mauz et al. 2005). In the Late Holo-
cene several phases of aeolian activity and 
remobilization of aeolian sands are known 
to have occurred during the Roman Iron 
Age and from the Medieval Times until 
the recent past. Koster (2005) referred to 
aeolian deposits resulting from reactiva-
tion of sandy sediments by human impact 
since the Neolithic period as (aeolian) drift 
sands. 
Peatlands (bogs, lowland fens) of the area 
formed during the Holocene. As a conse-
quence of melioration measures and peat 
cutting the only remaining peatland areas 
are preserved along the Neue Au Creek 
and Ostenau Creek (Figure 5.3). At the end 
of the 18th century these organogenic sed-
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iments still covered ~ 20 % of the area of 
Joldelund, while today the number is close 
to zero (Dörfler 2000).
5.3 The climate of the Jolde-
lund region
The Joldelund region is located in the west 
wind zone  and ~ 25 km distant from the 
North Sea, and is part of the temperate 
oceanic climate (Köppen climate classi-
fication: Cfb), with a 8.2 °C mean annual 
temperature and 820 mm mean annual 
precipitation (German Weather Service, 
DWD: climatological data for station Leck 
for the period 1975–2002). Westerly winds 
predominate the area during the year 
(Figure 5.4). The coldest month is Janu-
ary, with an average temperature of 0.3 °C 
and the warmest is July, when the average 
temperature is around 15.7 °C. The annual 
temperature amplitude is 15.2 °C. In terms 
of rainfall patterns, the area is determined 
by relatively high, year-round constant 
precipitations (Duttmann et al. 2004, 
source: DWD). On average, most rainfall 
occurs during September and November 
(> 85  mm), with maximum precipitation 
in October (~ 100 mm). Rainfall is relative-
ly low during the spring months (February 
until May) with about 20 % of the mean 
annual rainfall (Bach 2008). 
Figure 5.4 shows the average frequency of 
wind direction registered at station Leck 
in the period from 1973 until 2002. Wester-
ly winds are prevailing with average annu-
al wind velocities of 4.9 m/s at a standard 
height of 10 m (western wind quadrant: 
35.7 %, eastern wind quadrant: 25.8 %, 
northern wind quadrant: 16.8 %, south-
ern wind quadrant: 21.8 %) (Duttmann et 
al. 2004, Figure 5.4). Although winds with 
an average wind velocity of at least 7 m/s 
are most frequent from westerly direc-
tions, in the Schleswiger Geest (relatively 
dry) easterly winds instead of (relatively 
moist) westerly winds are associated with 
wind erosion and drift sands. From March 
to May, strong dry winds (> 7 m/s) occur 
from eastern directions (Hassenpflug 
1998, Duttmann et al. 2004) and are most-
ly related to a circulation pattern with high 
pressure over Fennoscandia and Northern 
Russia (Gerstengarbe and Werner 2005) 
(Figure 5.4C). 
Figure 5.4: Wind direction distribution for the station Leck for the period of period 1973–2002 (Source: DWD, average 
hourly data of wind direction and wind velocity at standard height: 10 m). A: Frequency distribution of wind direction. 
B: Frequency distribution of wind direction for winds with velocities of more than 7 m/s. C: Frequency distribution of 
wind direction for winds with velocities of more than 7 m/s in March, April and May
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5.4 Soils and soil formation
Soils of the research area strongly depend 
on the underlying geological units, and 
the soil parent material mainly consists of 
medium-to-fine glaciofluvial and aeolian 
sands, but also of (reworked, sandy loamy) 
glacial till and organogenic sediments 
(Figure 5.5). Glaciofluvial and aeolian de-
posits are silicate-poor, carbonate-free 
and deeply depleted (Fleige et al. 2006). 
The main soil formation processes typical 
for the natural landscape units of »Alt-
moräne« and »Vorgeest« are podzoliza-
tion, gleyization, pseudogleyization and 
peat formation. Figure 5.6 shows the typi-
cal soils (according to IUSS Working Group 
WRB 2015) of the Joldelund area: i) Gleyic 
Podzols (~ 53 %), ii) Stagnosols and Stag-
nic Cambisol (~ 15 %), iii) Sapric Histosols 
and Ombric Histosols (~ 11 %), iv) Haplic 
Podzols and Dystric Arenosols (~ 8 %), 
Cambisols and (Cambi-) Haplic Podzols 
and v) Gleysols (~ 5 %).
At the KHD Haplic Podzols (~ 80 %) are 
widespread developed in aeolian sands, 
however, Spodi-Terric Anthrosol (~ 13 %) 
are to be found as a result of melioration 
measures in the 1950s as well as Dystric 
Arenosols (~ 6 %) and Arenic Regosols 
(~ 1 %). Podzols with a high proportion 
of fine to medium sand are dominant in 
aeolian sediments and are prone to wind 
erosion (Duttmann et al. 2004). Predom-
inantly Gleyic Podzols and Gleysols have 
developed under the influence of ground-
water in lower elevations. In the flood-
plains of Neue Au Creek and Ostenau 
Creek, Histosols formed under water-
logged condition.
5.5 Late Quaternary 
landscape change in the 
Joldelund region
5.5.1 Landscape development 
during Weichselian Late Glacial 
and Early Holocene
The aeolian relief of the Joldelund region 
mainly formed during the Weichselian 
Late Glacial Period under periglacial en-
vironmental conditons. A sparse vegeta-
tion cover, strong winds and abundant 
availability of sediments (Kolstrup 2005) 
have been the basis prerequisites for the 
widespread deflation and depositon ae-
olian deposits, such as cover sands and 
dunes in the research area and within 
northern-central Europe (Jatho 1969, 
Pyritz 1972, Koster 1988, Müller 1999, 
Figure 5.5: Simplified, schematic cross-section of the natural landscape units »Altmoräne« and »Vorgeest« of Schles-
wig-Holstein including typical parent material and soil types (LLUR 2012, modified)
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Strehl 1999, Müller 2000, Koster 2005, 
Mauz et al. 2005). These »cold-climate 
aeolian deposits« (Koster 1988) formed 
during Older Dryas (13800–13670 v.y. 
BP) and Younger Dryas (12680–11590 
v.y. BP) were interrupted by a period of 
»non-deposition« (Kasse 1999, p. 74) re-
sulting in landscape stabilization due to 
woodland vegetation during the Allerød 
period (13.350–12.680 v.y. BP)4. In north-
ern central Europe the start of the Young-
er Dryas period is often pedostratigraph-
ically marked by the Usselo / Finow soil, 
a buried or fossil soil horizon that formed 
during Allerød to early Younger Dryas 
(Kaiser and Clausen 2005, Kaiser et al. 
2009, Hoesel et al. 2012).
A similar palaeosol was also reported 
from Joldelund and the adjacent areas 
(Backer et al. 1992): a humic and char-
coal enriched horizon formed at the sur-
face of a ~ 0.4 m thick aeolian deposit 
and which was buried under dune sands 
of ~ 0.5 m thickness. Backer et al. (1992) 
identified and associated this humic lay-
er with the Usselo (soil) horizon. Fleige 
et al. (2006) investigated a dune profile 
near Riebriek (municipality of Goldelund) 
~ 8 km north of Joldelund, and identified 
a humus rich horizon (~ 5.9 % Corg) with 
features of cryoturbation, which was 
found near the bottom of the dune at a 
depth of 272–274 cm. It was dated using 
the radiocarbon dating method to an 
age of 10685 (+/-55) BP (KIA 25559, Lei-
bniz-Laboratory for Radiometric Dating 
and Stable Isotope Research), indicating 
4 Datings of stratigraphic units of Weichselian  
	 Late	Glacial	are	given	by	Litt	et	al.	2007		
 (v.y. BP. = varve years BP with reference  
	 year	1950)
Figure 5.7: Simplified redrawn radiography of peat core 
16 (mire covered by dunes, MUD; Dörfler 2000). Calibrat-
ed radiocarbon ages given in 2sigma and calibrated ac-
cording to Reimer et al. (2013) using IntCal 13
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the last cold period of the Weichselian ice 
age (Younger Dryas, YD) as its formation 
period (Fleige et al. 2006, p. 15).
After the Late Glacial phase of aeolian 
activity warmer temperature in the Holo-
cene (~ 11700 BP5) led to reforestation and 
stabilization of the surface in Northern 
Europe (Strehl 1999). Since the Early Hol-
ocene in the Joldelund region woodland 
was the dominant vegetation type. Dör-
fler (2000) showed that a mixed oak for-
est was typical for the region since at least 
6000 BP, the start of the pollen record of 
the nearby mire Hörrmoos. The woodland 
was mainly composed of oak (Quercus), 
hazel (Corylus), birch (Betula) and alder 
(Alnus). In contrast to the occurrence of 
wind erosion towards the end of the last 
glacial period, remobilization of aeolian 
deposits during the Holocene are mainly 
triggered by human activities. 
5.5.2 Landscape change under 
human influence
In the region of Joldelund the first traces of 
human occupation have been document-
ed from the Mesolithic period (Hingst 
1975, Jöns 1997). Early agricultural land-
use date to the Neolithic period, in which 
»initially the exposed sites on the older 
moraines were cultivated« (Duttmann et 
al. 2006, p. 5). The first phase of major re-
activation of aeolian deposits is known to 
have occurred during the Roman Iron Age 
(Riedel 1997, Dörfler 2000). Settlement 
5  The Holocene begins with the Preboreal ~  
	 11700	BP,	according	to	ice	core	data	from		
	 NorthGRIP	with	reference	date	2000	AD);		
	 cal	~	9650	cal.	BC	(Nelle	and	Dörfler	2008).
activities associated iron ore production 
are proven for the research area, which 
dated to the Late Roman Iron Age (4th–5th 
century AD) (Erlenkeuser et al. 1997). At 
that time woodland was dominant, al-
beit woodland clearing for agricultural 
land-use and pasture took place close to 
the settlement (Jöns 1997). During that 
time, human activities caused mainly lo-
cal changes in landscape and vegetation, 
which resulted in moderate sand drifts 
(Dörfler 2000). 
Radiographic and palynological analysis 
of a small mire close to the KHD (mire cov-
ered by dunes, MUD) indicate that human 
impact during the Early Iron Age and Ro-
man Iron Age had only a local effect on the 
(aeolian) landscape (Figure 5.7). Layers of 
aeolian sands deposited in the peat core 
reflect the local human impact of the area 
Joldelund since the onset of peat forma-
tion: During the Roman Iron Age soil ero-
sion on probably farmed land led to depo-
sition of several, smaller sand layers in the 
peat profile. However, thicker sand layers 
did not occur before ~ 1000 AD, which in-
dicates that widespread cultivation of land 
dates back to Medieval Times (Dörfler 
1992, Dörfler 2000). This findings was 
interpreted as patchy, mosaic-like land-
use during the Roman Iron Age, including 
open areas (settlement sites), semi-open 
areas (forest grazing, selective cutting, 
spread of heathland) and closed areas (rel-
atively dense woodland) (Dörfler 2000).
Human impact decreased during the Mi-
gration Period (»settlement gap«) which 
was accompanied by the regeneration 
of forest vegetation (Nelle and Dörfler 
2008). Palynological results of the MUD 
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shows that there was less anthropogenic 
interference during the period between 
~ 550 AD and ~ 870 AD (Dörfler 2000): 
non-boreal pollen and proportions of ce-
realia drop significantly, while percentag-
es of tree and shrub pollen increase up to 
~ 90 % of the total. 
The large increase in human impact oc-
curred during Medieval Times (~ 1000–
1500 AD) (Richter 1965, Müller 1999, 
Mauz et al. 2005). Intensive deforestation 
and the expansion of agricultural land-use 
led to considerable changes in the land-
scape and vegetation cover. Within the 
research area, former woodlands were 
either converted into coppice wood or 
degraded to heathland (Duttmann et al. 
2006, Bach 2008). Intensifying agriculture, 
grazing, removal of plaggen and slash-
and-burn cultivation led to the deteriora-
tion of heathland which resulted in the re-
currence of sand drifts (Pott 1998, Behre 
2000b). Heathland replaced almost all for-
est vegetation and became the dominant 
landscape element in the region (Nielsen 
1972, Behre 2000a, Dörfler 2000).
As a consequence of medieval landscape 
transformation, due to overexploitation, 
disastrous wind erosion events occurred 
in the research area and in neighboring 
communities, leading to vast degradation 
of farmland and the formation of inland 
dunes (Andresen 1924, Müller 1999). Ac-
cording to historical sources of the church 
register in Schleswig, in 1414 AD the me-
dieval settlement of Joldelund (spelled 
»Hyoldelunt«) had been abandoned for 
approximately 30 years (Hinz 1949, Rich-
ter 1965) and no tax payments are re-
corded. Also, the village church had been 
empty and unused for more than 40 years 
(Nielsen 1981). The number of farmsteads 
recorded in the chronicles of the village 
Joldelund was very low: ~ 1400 AD there 
were only four farmsteads. The period of 
increasing aeolian activity seemed to end 
during the Thirty Years War (1618–1648) 
when, according to Müller (1999), wide-
spread devastation and population de-
crease resulted in a decline of agricultural 
land-use.
In 1680 AD, ten farmsteads which in total 
cultivated an area of approximately 50 ha 
(Schnepel 1981) are recorded and indicate 
a re-population of the area. In the fol-
lowing hundred years, and in the course 
of agrarian reforms (»Verkoppelung«) at 
the end of the 18th century, the number of 
farmsteads went up to 20. As part of the re-
forming process, the formerly collectively 
owned heathland which was extensively 
used as common sheep and bee pasture, 
was divided up amongst the farmers. 
The oldest historic map of the area (1793 
AD) shows the land-use of municipality of 
Joldelund after the »Verkoppelung«. Over 
~ 50 % of the area was covered with heaths 
(wet heath and sand heath), followed by 
mires with a ~ 20 % of the current area. 
Grasslands (~ 13 %) were concentrated 
along the Neue Au creek and arable land 
(~ 12 %) was strongly centred around the 
settlement. Forest cover was reduced 
to zero and recognizable dunes covered 
~ 5 % of the total area (Dörfler 2000). 
By analysing topographical maps for the 
years 1793, 1878, 1950 and 1985, Dörfler 
(2000) showed that Joldelund underwent 
considerable changes during the past 200 
years. Particularly at the end of the 19th 
century and at the beginning of the 20th 
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Figure 5.8: Historical topographic maps of the period 1878 until 2009 showing changes in land-use of the 
Joldelund region and the KHD area. Red dotted: the current boundary of municipal forest
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century heathland was converted into ar-
able land and peatland was drained and 
used as grassland (Dörfler 2000, Dutt-
mann et al. 2004, Duttmann et al. 2006, 
Bach 2008). Modern machinery in farming 
(steam ploughs) and the use of mineral 
fertilizer finally enabled the intensive agri-
cultural use of heathland. The intensifica-
tion continued into the second half of the 
20th century with the modification of al-
most all remaining heaths and mires into 
agriculture. In contrast, forest cover has 
increased due to an afforestation program 
against wind erosion in the 1950s (Pro-
gramm Nord 1979). Figure 5.8 provides a 
synoptic presentation of local land-use 
changes for the area around Joldelund 
and the KHD research area for the peri-
od from 1878 to 2009. From 1878 until the 
beginning of the 1920s only minor chang-
Figure 5.9: Recent changes in land-use within the Joldelund 
region. A: The ratio of grassland to arable land in the period 
from 2003 to 2010. B: Proportions of area cultivated with silo 
maize/green maize in relation to the total agricultural area and 
percentages of areas cultivated with silo maize/green maize of 
agrigultural areas of Joldelund from 2003 to 2010 (Statistikamt 
Nord 2005, 2009, 2013)
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es in land-use can be found. Heaths are 
dominant on the inland dunes as well as 
in southern and northwestern parts of the 
area. Arable land is clustered around the 
village, and south of the inland dune field. 
The KHD was initially covered by heath, 
later by oak coppice wood. A single agri-
cultural field is located directly adjacent 
to the dune complex. In 1944, heathland 
and mires have been significantly reduced 
to relatively small areas in northwestern 
and central part, while areas of agricultur-
al use had increased accordingly. Parts of 
the inland dunes were covered with for-
est. In 1926, the municipality of Joldelund 
had begun to systematically afforest the 
area of today’s municipal forest (~ 13 ha) 
including KHD (Schnepel 1981). The field 
was turned into coniferous forest.
During the increasing industrialization 
and mechanization of agriculture between 
1944 and 1975, all of the remaining areas 
of heathlands and mires were either fully 
converted into arable land or grassland 
or afforested within the Programm Nord 
(Programm Nord 1979). Since then, the 
Joldelund ragion has been an intensively 
Figure 5.10: Storm damages after Cyclone Christian on 27th and 28th of October 2013 in the municipal forest of Jold-
elund. A: View from highest point at Kuhharder Hill dunes onto eastern parts of forest. B: Central part of the forest 
with traces of forestry harvester and blowdowns (root plates)
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used agricultural landscape. At the KHD 
the small agricultural field still present in 
1921 was planted in conjunction with the 
program of the 1950s. At the same time, 
all coppiced wood has been removed and 
replaced by plantings of spruce (Picea 
abies, Picea sitchensis, Picea glauca), pine 
(Pinus sylvestris, Pinus nigra, Pinus mugo) 
and larch (Larix kaempferi) (Nielsen 1970).
During the post-war years of the world 
wars, an increase in sand drifts was no-
ticed in the Joldelund region (Richter 
1965, Duttmann et al. 2004, Bach 2008). 
Reasons for this were i) an urgent need for 
wood as well as ii) a more intensive culti-
vation and the expansion of e.g. root crops 
as a contribution to the food security. The 
then ongoing structural change in agricul-
ture was generally accompanied by a de-
cline of the total area of productive agri-
cultural land and the expansion of forage 
production. This resulted in a reduction of 
wind erosion processes (Bach 2008), albeit 
single sand drift events were documented 
continuously until present day (Hassenp-
flug 1971, 1981, 1998, 2011).
At present, the land-use of the area is 
dominated by pastures and meadows for 
dairy farming and cultivation of corn for 
the production of biogas. The ratio of ar-
able land versus grassland is currently un-
dergoing a change towards an increase of 
arable land. In the year 2003 the ratio of 
arable land to grassland was 20:80, in 2007 
it changed into 30:80 and at present the 
ratio is about 35:65 (Figure 5.9A) (Statis-
tikamt  Nord 2005, 2009, 2013). This trend 
also becomes apparent within the neigh-
boring communities where the proportion 
Figure 5.11: Afforestation of the study area after storm damages in 2015 (Source: R. Duttmann)
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of agricultural land that is used for arable 
land in relation to the total agricultural 
areas is higher than 50 % (Hassenpflug 
2011). Recent changes in land-use relate to 
an increasing cultivation of energy crops, 
especially maize (Figure 5.9B). In the mu-
nicipality of Joldelund, the proportions of 
the area cultivated with silo maize / green 
maize in relation to the total agricultural 
area comprised ~ 15 % in 2003. This pro-
portion rose to ~ 25 % in only seven years 
(acreage of silo maize / green maize: 2003 
= 221 ha, 2007 = 282 ha, 2010 = 318 ha) 
(Statistikamt  Nord 2005, 2009, 2013). How-
ever, the share of silo maize / green maize 
in relation to the total area of arable land 
shows only a slight increase (2003: ~ 70 %, 
2007: ~ 72 %, 2010: ~ 73 %). The effects of 
increasing maize / corn cultivation on wind 
erosion is still to be seen.
Recent changes at the KHD occurred in 
2009 and 2013. In 2009, forest mainte-
nance measures thinned out the southern 
part of the municipal forest was thinned 
out. Tree stumps were removed, and 
mixed forest was replanted. On 28th of Oc-
tober 2013 a winter storm (Cyclone Chris-
tian) caused severe damage to Joldelund 
municipal forest and adjacent forests 
(SHLF 2014a). Very strong winds  (Beau-
fort Scale 12) resulted blowdowns  of 
the whole forest sections all over Schle-
swig-Holstein (DWD 2013, MELUR 2013). 
Blowdowns and subsequent clearance of 
storm damage by heavy machines (SHLF 
2014b) led to significant changes in the 
dune relief of the KHD (Figure 5.10). An 
afforestation with primarily mixed forest 
started in 2015 (Figure 5.11).
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6Anthropogenic initiation and acceleration of Aeolian dune activity in northern Germany over ~2500 yrs and feedbacks with socio-economic development
6.1 Introduction
Since their arrival, humans have modi-
fied central European landscapes in many 
ways and to different degrees and inten-
sities, most spatially extensive since the 
widespread implementation of agricul-
ture from Neolithic time (~ 7.5 ka–5.5 ka, 
Delson et al. 2000). A large increase in 
population at ~ 1200 AD (Bork et al. 1998, 
Kaiser et al. 2002) in pre-industrial Europe 
lead to widespread settlement activi-
ty and deforestation in Medieval Times, 
which in turn lead to large human made 
landscape changes throughout central 
Europe (e.g. Bork et al. 1998, Dotterweich 
2003, Larsen et al. 2013). This intensive 
phase of Medieval settlement activity 
ended in the abandonment of many vil-
lages and agricultural lands, for which the 
reason is heavily debated (e.g. Abel 1976, 
Beresford and Hurst 1989, Bork et al. 
1998, Kaiser et al. 2002, Derese et al. 2010, 
Roesener 2010, Küster et al. 2014). One 
reason put forward is that the agricultur-
al land-use had caused an unsustainable 
amount of erosion, which degraded soils 
to such a large degree that large areas 
were abandoned (Lang and Bork 2003). 
Medieval settlement abandonment possi-
bly due to wind erosion and sand drifting 
within the European Sand Belt (ESB) has 
been suggested by several studies (Kai-
ser et al. 1992, Richter 1965, Derese et al. 
2010), however precise analysis of cause 
and effect is lacking due to limited dating 
resolution and lack of quantification in the 
landscape response over time. 
Aeolian processes, characterised by ero-
sion, transport and deposition of sediment 
of the Earth´s surface, occur widespread 
as natural land-forming processes in most 
arid and semi-arid region (Livingstone 
and Warren 1996), but are locally also a 
phenomenon of temperate climate areas 
such as northern Europe (Warren 2003, 
Gossens et al. 2001). Land´s susceptibility 
to wind erosion mainly depends on four 
different factors and the feedbacks be-
tween them: i) climatic erosivity (e.g. wind 
velocity, turbulence, precipitation and 
evaporation), ii) soil erodibility (e.g. parti-
cle size, organic matter content, soil mois-
ture), iii) landscape roughness including 
vegetation (Warren 2003, Pye and Tsoar 
2009). Wind velocity near the soil surface 
is mainly controlled by the vegetation 
roughness, where advection can increase 
(decrease) with decreasing (increasing) 
vegetative cover along the fetch direction 
(Shao 2008, Borelli et al. 2016). Thus, by 
(To be submitted to: Quaternary Science Reviews)
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reducing and removing vegetation cover 
(e.g. deforestation) for land-use purposes 
the exposed soil surface becomes prone 
to wind erosion processes (Leys 1999). 
During times of strong winds and without 
vegetation to reduce near surface advec-
tion, top soil may be detached, transport-
ed and deposited across open space over 
considerable distances. Human activities 
and land management practices exert 
considerable influence on these process-
es, as agricultural land-use can either in-
crease soil erosion by practices that leav-
ing the soil unprotected and vulnerable, or 
reduce this impact if the land is managed 
with suitable protection measures.
Within Northern-central Europe aeolian 
cover sands of Late Pleistocene origin are 
found widespread along the European 
Sand Belt (ESB, Figure 1a) (Kolstrup 1991, 
Koster 1988, Kozarski and Nowaczyk 
1991, Manikowska 1991, Pyritz 1972 Ko-
ster 2005, Zeeberg 1998). Cover sands in 
the ESB are the product of widespread 
Aeolian processes throughout the Late 
Pleistocene (mainly between the Older 
and Younger Dryas) until widespread and 
ongoing stabilization took place with the 
onset of the Holocene climate amelio-
ration and re-vegetation since the Holo-
cene phase termed Preboreal ~ 10 ka–9 ka 
(Schirmer 1999, Koster 2005, Hilgers 
2007). However, from the Neolithic Period 
until present several re-activation phases 
of these aeolian deposits characterized 
by relatively shallow drift sands occurred, 
which were mainly induced by anthro-
pogenic land-use – land cover change 
(LUCC) such as forest clearing, cropping, 
and grazing. Archives of Holocene aeolian 
dynamics thus consist of alternating phas-
es of aeolian activity and landscape sta-
bilization, can therefore be attributed to 
changing patterns of human impact and 
used as sedimentary archives for past hu-
man-environmental interaction 
This has been demonstrated by several 
studies, which have researched the forma-
tion of human-induced drift sand deposits 
in northern and north-central Europe, e.g. 
in Denmark (Boas 1997, Mikkelsen et al. 
2007), The Netherlands (Castel 1991, Ko-
ster et al. 1993, Wallinga et al. 2007, van 
Mourik et al. 2010, Sevink et al. 2013), Bel-
gium (Derese et al. 2010), the UK (Bateman 
and Godby 2004) and Poland (Kozarski 
and Nowaczyk 1991), and eastern Ger-
many (e.g Pyritz 1972, Alisch 1995, De 
Boer 1995, Hilgers 2007, Tolksdorf and 
Kaiser 2012, Nicolay et al. 2014) Howev-
er, no such study has been performed in 
north-central Germany, and we aim to fill 
this gap in this paper.
Additionally, with regards to the medieval 
settlement abandonment phase (MAP), 
only one study within the ESB was able to 
show a direct connection between aeoli-
an activity and settlement abandonment. 
Derese et al. (2010) showed, that a village 
was abandoned due to early Medieval ae-
olian sediments covered the village area. 
In this study, we aim to test if Medieval 
aeolian activity was the main driver of 
settlement abandonment in the research 
area. We do this by incorporating many 
available sources of information, includ-
ing Archaeology, Soil Science, Palynology, 
Anthracology, written historical sources 
and historical maps, and a high-resolution 
chrono-stratigraphy in combination with 
a geo-spatial model to quantify and com-
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pare phases of human induced aeolian 
activity. Through this interdisciplinary ap-
proach, we aim to i) establish a high-reso-
lution reconstruction of aeolian landscape 
dynamics and palaeo-environmental con-
ditions at the study site, ii) quantify spa-
tiotemporal changes in the inland dune 
topography, iii) estimate intensities of 
aeolian sand deposition, and iv) causally 
link the role of landscape degradation to 
settlement abandonment in the area, and 
construct a detailed history of human-en-
vironmental interaction in the ESB.
6.2 Study area
This study focuses on the topographically 
highest point (Kuhharder Hill dune, KHD) 
of an inland dune system (»Joldelunder 
Schweiz«) in the vicinity of Joldelund, 
Northern Frisia, Schleswig-Holstein, Ger-
many (54° 38‘ 45“ N, 9° 7‘ 14“ E). The area 
is located on the Jutland Peninsula (Schle-
swiger Geest), a glacial outwash plain 
formed mostly during the last glacial cy-
cle. This outwash plain is dominated by i) 
Sandur plains, composed mainly by glaci-
ofluvial sediments, ii) moraines related to 
Saalian glaciations (MIS 6) (Litt et al. 2007, 
Stephan 2014), which were reworked 
by periglacial processes during the Late 
Pleistocene, iii) aeolian sediments (cover 
sands and dunes), and iv) organic-rich sed-
iments (Fränzle 1985, 1988, 2004; Strehl 
1999) (Figure 6.1). The KHD is the high-
est dune (~ 30 m a.s.l.) of a larger, ~ 80 ha 
dune field that covers a Saalian end mo-
raine ridge (~ 29.8 m a.s.l.) oriented from 
North-west to South-east (Backer et al. 
1992, Riedel 1997) (Figure 6.1). The sur-
rounding area dips gently westwards and 
is drained by the small streams Neue Au 
Creek and Ostenau Creek. Soil develop-
ment reflects roughly the substrate and 
geomorphology, and can be differentiat-
ed into i) mostly acid and coarse-textured 
soils (podzols) on sandy substrates, which 
have only little cohesion and are therefore 
prone to erosion (Duttmann et al. 2006), 
or ii) gleys and histosols in water-logged 
and/or low-lying areas and depressions. 
The natural vegetation in the area can 
be divided into two types that are largely 
dependent on the groundwater level: on 
higher and therefore drier, mostly sandy 
surfaces, vegetation is likely to have been 
an oak-beech forest (Fagus sylvatica, Quer-
cus robur, Quercus petraea). In areas where 
groundwater is nearer the surface atlan-
tic-subatlantic birch-pedunculate oak for-
ests (Quercus robur, Betula pubescens) pre-
vailed together with alder-pedunculate 
oak forests on peatlands (Dierssen 2004).
 
Estimates of natural vegetation cover are 
however problematic as intensive land-
use in the area has significantly altered 
the vegetation pattern in the region for 
thousands of years (Riedel 1997, Dörfler 
2000). Vegetation and land-use history is 
therefore reconstructed using palynolog-
ical investigations from two mires in the 
area (Mire covered by dunes, MUD; and 
Hörrmoos, HOE, Figure 6.1b-c and Fig-
ure 6.2) conducted by Dörfler (2000) from 
historic maps, dating back until the 18th 
century AD, and archaeological investi-
gations. The earliest evidence from these 
investigations for clear human landscape 
activity is a prehistoric iron ore production 
site and settlement, dating to the late Ro-
man Iron Age (4th–5th century AD) (Erlen-
keuser et al. 1997). At that time forests 
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still dominated the area, albeit partially 
opened for agricultural land and pasture 
(Jöns 2000). Between this time and the 
creation of a detailed historic map in the 
18th century, little is known about land-
use in the area. By 1793 AD, the landscape 
is covered mainly with heath, pasture, 
meadows and mires. Until the late 19th 
century AD heathland is still dominant, 
although agricultural land and pastures 
increased in area (Nielsen 1972, Dörfler 
2000). An intensification of agricultural 
land-use and utilization of heathland be-
gan at the end of 19th century AD with the 
implementation of deep ploughs and min-
eral fertilizers (Nielsen 1972, Duttmann et 
al., 2006). In 1926, the extant heathland 
with some oak coppiced trees (Nielsen, 
1970) was afforested by the local council 
(Joldelund) (Schnepel 1981) (Figure 6.1). In 
the 1950s, a large afforestation program 
lead to the extensive planting of spruce 
(Picea abies, Picea sitchensis and Picea 
glauca), pine (Pinus sylvestris, Pinus nigra 
and Pinus mugo) and larch (Larix kaemp-
feri) in the area (Nielsen 1970). From this 
time until the present, the KHD is main-
ly covered with larch and spruce (Picea 
abies). The land-use of the adjacent area 
is dominated by pasture for dairy farming, 
and cultivation of corn for the generation 
of biogas.
Aeolian erosion and deposition have a 
long recorded history in causing problems 
for agricultural land-use in the area (Mag-
er 1930, Iwersen 1953, Hannensen 1959, 
Richter 1965, Duttmann et al. 2004), fa-
cilitated by near surface wind velocities of 
more than 7 ms-2 in March, April and May, 
when high pressure systems over Fennos-
candia and Northern Russia influence the 
circulation pattern (Hassenpflug 1998, 
Gerstengarbe and Werner 2005, Dutt-
mann et al. 2006, LLUR 2011). The general 
climate of the region is temperate ocean-
ic, with 8.2 °C mean annual temperature 
and 820 mm mean annual precipitation 
(German Weather Service, DWD: climato-
logical data for station Leck for the period 
1975–2002).
6.3 Methods
6.3.1 Field methods and sampling
We employed a detailed chrono-strati-
graphic approach in examining the dune 
record in order to examine the feedbacks 
between aeolian activity and past land-
use change and past settlement activities 
within the study area. Nine profiles were 
analysed in the western part of the re-
search area, their size ranging between 1 
m to 25 m in length and ~ 1.7 to 2.6 m in 
depth (P1–P6, P8–9, P12, Figure 6.1e). Six 
profiles were excavated in the center of 
the KHD within a distance of ~ 50 m (P1–3, 
P6, P8 and P12) (Figure 6.1e). P1 and P2 
constitute a cross-section of the KHD with 
35 m in length and up to ~2.4 m in depth. 
Three profiles were excavated towards 
the southern (P9) and north-western edge 
of the research area (P4, P5). Five further 
shallow pits were excavated to the east 
of the KHD (G1–G5) in the central and 
southern parts of the research area (Fig-
ure 6.1d). Within all excavation sites the 
distinct glacial deposits (moraine, Pleis-
tocene) underlying the aeolian dunes was 
reached, ensuring that the entire Holo-
cene sedimentary record was analysed, 
and made the quantification of the Holo-
58
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cene aeolian deposition possible. For the 
remainder of the paper, the underlying 
Pleistocene deposits are addressed as 
»unit P«, whereas Holocene sediments 
are continuously numbered from bottom 
to top (unit 1–6). Where the Pleistocene 
moraine deposit was not accessible with-
in the excavation sites, hand augers were 
used to determine its depth. Each profile 
was documented with scaled drawings 
and photographs. Samples for sedimen-
tological and pedological analyses such 
as grain size, organic matter (OM), pH, 
iron content and soil bulk density (SBD) 
were taken using 13 vertical sections (VS) 
of the exposures. Soil types and horizons 
were  first described and classified using 
German soil taxonomy (AG Boden 2005) 
and then translated into the internation-
al Word Reference Base of Soil Resources 
(IUSS Working Group 2015) (Table 6.1). 
To ensure an accurate spatial interpola-
tion of the sedimentary units, ~ 125 fur-
ther auger corings of up to 2 m in depth 
and with a diameter of 1.2–1.8 cm were 
created in which marker horizons such 
as buried soils, former dune surfaces and 
the absolute thicknesses of dune depos-
its were logged. Finally, all the excavation 
sites and coring locations were surveyed 
with a total station. All pedological and 
geomorphological data (position, eleva-
tion, chrono-stratigraphic correlation, and 
thickness of soil horizon/sediment layer, 
soil colour and estimated grain size) were 
subsequently imported into ESRI ArcGIS 
to allow further processing and quantifi-
cation of sedimentary layers. 
6.3.2 Sediment and soil analysis
In order to create coherent stratigraphic 
units throughout the research area, the 
soil and sediment characteristics of sedi-
mentary layers were analysed using grain 
size analysis. For grain size analysis sedi-
ment samples of 15 g (< 2 mm) were treat-
ed with H2O2 and subsequently sieved 
(mesh width 630 μm, 200 μm, 125 μm 
and 63 μm), dried at 105 °C and weighted. 
Particles < 63 μm were analyzed applying 
standard procedure for sedimentation 
(Köhn pipette). The grain size data were 
subsequently processed using the pro-
gram GRADISTAT (Blott and Pye 2001), 
where grain size parameter such as mean 
(M) and median (Md) of each sample were 
calculated using the Folk and Ward (1957) 
method. To ensure compatibility with ear-
lier studies, the Trask’s sorting coefficient 
(So) was calculated. In order to calculate 
the mass of the sediment, soil bulk den-
sity (SBD) was determined by taking at 
least three constant volume samples per 
layer. The samples were dried at 105 °C, 
weighed, and the mean SBD with stand-
ard error was calculated. 
Vertical sections with enhanced soil for-
mation within the stratigraphic record 
are likely to give evidence about phases 
of landscape stability (Warkentin 2006), 
and are therefore an important source of 
information about past landscape change 
within this study. In addition, buried soil 
horizons serve as stratigraphic markers 
and may provide information on the in-
tensity and duration of soil forming pro-
cesses. In this study, we characterize soil 
horizons using grain size analysis (GS), 
soil color (SC), pH, organic matter content 
63
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(OM), and pedogenic oxides (PO). Meas-
urements of total carbon and nitrogen 
were performed on a HekaTech Euro EA 
3000 Elemental Analyzer. Inorganic car-
bon is generally not present in the Late 
Glacial and Holocene sediments of the 
study area (Fleige et al. 2006). Therefore, 
it is assumed that the measured content 
of total carbon is equivalent to the con-
tent of soil organic carbon (SOC). Organic 
matter content (OM) was calculated using 
conversion factor of 1.742, assuming that 
organic matter of soils approximately 58 
% organic carbon (Nelson and Sommers 
1996). Determination of pedogenic iron 
oxides (FeD) was done using dithion-
ite-citrate-bicarbonate (DCB) extraction 
method proposed by Mehra and Jackson 
(1960). A 1 g air-dried sample was treated 
with 100 ml dithionite, heated up to 75–80 
°C in water bath and then centrifuged to 
remove the supernatant. Then, Fe was 
measured using a flame Atomic Absorp-
tion Spectroscopy (AAS) system. The 
amount of amorphous iron oxides (FeO) 
was determined using the acid-ammoni-
um oxalate (AAO) extraction technique 
(Tamm 1932, Schwertmann 1964). 
6.3.3 Radiocarbon dating
The abundance of charcoal and humic 
layers in most of the sand layer permit-
ted AMS radiocarbon dating to obtain the 
chronology of land-use change. In addi-
tion, samples for AMS radiocarbon dat-
ing were taken from organic matter-en-
riched A horizons and peat. Samples of 
charcoal and humic layers (1000–2000 g) 
were taken in the vertical section and in 
the immediate periphery according to the 
given dune stratigraphy. Prior to the radi-
ocarbon dating, samples were dry-sieved 
through a 630 µm-mesh and taxonomic 
identification of wood charcoal was car-
ried out to reduce the risk of the old wood 
effect and the dating of modern conifers 
such as Picea. Therefore, relatively short-
lived woody taxa such as Ericaceae, Pop-
ulus/Salix, and Betula were preferred in 
order to make the radiocarbon data more 
reliable by reducing the potential »inbuilt 
age« (Gavin et al. 2003). In total, radiocar-
bon dating of 15 charcoal samples, three 
bulk soil samples and two peat samples 
were performed by the Leibniz-Laborato-
ry for Radiometric Dating and Isotope Re-
search at Kiel University, following stand-
ard methods (Nadeau et al. 1997, Nadeau 
et al. 1998, Grootes et al. 2004) and ages 
were calibrated according to Reimer et al. 
(2013) using OxCal v4.1.7 (Table 6.2). Be-
fore radiocarbon dating of soil samples, 
humus extraction was done using stand-
ard acid-alkali-acid (AAA) method. Sam-
ples were extracted with 1 % HCl and 1 % 
NaOH, both at 60 °C (humic acid fraction), 
then again with 1 % HCl, leaving the humin 
fraction as residue. 
6.3.4 Optical Stimulated 
Luminescence (OSL)
OSL dating was carried out where clear-
ly separated charcoal layer were lacking 
and/or in order to cross-check with radi-
ocarbon dating. In total, six OSL samples 
were dated by the Luminescence Dat-
ing Laboratory at University of Szeged, 
Hungary (Table 6.3). Samples were taken 
during the day at regular depth intervals 
(~ 15 cm) using opaque tubes that were 
65
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forced into the profiles. Preparation of 
samples was made using standard tech-
niques (Aitken 1998, Mauz et al. 2002) 
and for dating quartz grains of 90–150 μm 
size were extracted. For each sample, 24 
aliquots were prepared to determine the 
equivalent dose (De) and an additional 21 
aliquots were used to perform a preheat 
plateau test. Preheat plateau test of dose 
was carried out on each sample. All OSL 
measurements were made on a Risø DA-
15 automated TL/OSL system using the 
standard single-aliquot regenerative-dose 
(SAR) protocol (Wintle and Murray 2006). 
Quartz samples were stimulated by 470 
nm blue light and the detection of the OSL 
signal was made with Hoya U-340 filter 
(290–390 nm). The preheat temperature 
was between 210 °C and 240 °C for each 
sample. Cut heat temperature was set 
to 160 °C (Wintle and Murray 2006). The 
received and corrected OSL data were 
evaluated by Software RISO Analyst 3.24 
(2007). Environmental dose rate calcula-
tions were based on the 232Th (ppm), U 
(ppm) and K (%) content of samples, pro-
vided by high resolution, low-level gamma 
spectrometry. Radioactive disequilibrium 
in the uranium chain was not observed. 
The rate of cosmic radiation was deter-
mined on the basis of burial depth and fol-
lowing the method of Prescott and Hut-
ton (1994). 
6.3.5	 Quantification	of	sediment	
mass
In order to analyse spatiotemporal chang-
es in the inland dune topography, we per-
formed a detailed analysis of the spatial 
extension of each Holocene sedimentary 
layer (units 1–6) and the Pleistocene sur-
face within the central area of KHD (Figure 
1). With the exception of unit 1, all upper 
boundaries of the chrono-stratigraphic 
units could be clearly identified and sur-
veyed. 
A 3D model of the surface terrain was then 
constructed using spatial data generated 
with a laser-based Leica TCR-407 total sta-
tion with ~ 3 cm accuracy. The same total 
station was used to determine the exact 
locations of ~ 125 field measurements of 
the depth of the analysed Holocene (top) 
sedimentary layers (units 1–6), and 16 
field measurements of the depth of the 
underlying Pleistocene deposits (unit P). 
Depth measurements were performed 
to the nearest cm, however in order to 
account for measurement inaccuracies, 
e.g. surveying on soft forest floor or lay-
er compression within corings, we attrib-
uted a vertical and horizontal accuracy of 
~ 0.15 m to all measurements. Within sed-
imentary unit 3, we have explicitly cross-
checked the depths of the coring points 
and exposures, and therefore assume a 
slightly higher accuracy of ~ 0.05 m. All el-
evation data was imported as point clouds 
into ESRI ArcGIS 10.1 and for each strati-
graphic unit a TIN model was created. All 
TIN layers were clipped with a polygon of 
the central area of KHD in order to have 
the same spatial extension (~ 0.24 ha in 
size) of all TIN layers in order to set up the 
quantification on the same storage area 
(clipped area for quantification, Figure 
6.1e). All TIN layers were then converted 
to separate surface raster models (DEMs) 
through natural neighbor interpolation 
using 3D Analyst. To quantify the net vol-
umes and their uncertainties between sur-
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faces, we used the Geomorphic Change 
Detection (GCD) add-in (www.gcd.joe-
wheaton.org/). The minimum level of de-
tection threshold was set to 0.15 m and 
for unit 3 to 0.05 m in order to distinguish 
actual change from inherent noise (Whe-
aton 2008). Spatially uniform errors were 
created and propagated for the volume of 
each sedimentary layer (Table 6.4). 
We quantified the sediment mass (M, in 
metric tons) of all Holocene sedimentary 
units, using 
  M=Vρ   (1)
where V is the sediment volume derived 
from the calculation above, and ρ the soil 
bulk density (in g cm-3) (Section 6.3.2) (Ta-
ble 6.4). Standard errors were propagat-
ed. 
In order to compare the differences in sed-
iment masses over time, we determined 
the deposition rate by dividing the sedi-
ment masses by the time length of each 
unit (stratigraphic units 1–2, 2-p, 3, 4 and 
5/6), based on the defined area for quanti-
fication which is ~ 0.24 ha (Figure 6.1). We 
estimated the time length of each deposit 
using the outer error margins of ages from 
the upper and lower layers of the strati-
graphical units (Figure 6.2). Although this 
will most likely lead to an overestimation 
of the length period and subsequently 
an underestimation of deposition rates, 
it nonetheless provides a conservative 
estimate of the long-term evolution of 
KHD and the speed of dune accumula-
tion. Based on the detailed stratigraphic 
analysis and high resolution age control 
through variable dating techniques (OSL, 
Radiocarbon, and Archaeological dating) 
, we were able to exclude dates from the 
settlement period of Roman Iron Age /  Mi-
gration period from unit 4 and unit 5/6 
(Figure 6.4). These erroneous ages most 
likely originate from the re-deposition of 
older charcoal fragments during periods 
of wind erosion at the KHD. 
6.3.6	 Visual	analysis	of	historic	
maps
We established the history of land-use 
change within the study area for the past 
225 years through the geo-spatial analysis 
of historic and present maps. The oldest 
historic map of the area (1793 AD) shows 
land-use types of the Joldelund region af-
ter the agrarian land reform which took 
place in the German states at the end of 
the 18th century, however the exact are-
al extent of land-use areas could not be 
quantified. Topographic maps to scale 
(1:25000) are available for the time period 
between 1878 AD and 2009 AD (130 years), 
and provide a coherent dataset of land-
use change. Here, we build upon research 
done by Dörfler (2000), who quantified 
land-use changes within the wider region 
using similar methods. 
 
6.4 Results
6.4.1	 Geomorphology	of	the	
research area
The heterogeneous surface morphology 
of the research area is mostly caused by 
aeolian sand deposition of variable thick-
ness, ranging between ~ 0.4 m to 6.5 m. 
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The characteristics of these sediments 
are typical for dune sands which consist 
of moderately to well-sorted sands with 
grains mainly in the size range 0.07–0.25 
mm (Pye and Tsoar 2009) (Figure 6.3). 
The KHD is a »Kuppen-/Kupstendüne« 
(hummock dune), which are character-
ized by a mostly rounded plan profile, and 
a hummocky shape (Pyritz 1972, Pye and 
Tsoar 2009). A drop in elevation in the 
western part of the research area at the 
south-eastern part of the KHD stretches 
around ~ 120 m from north-east to south-
west (Figure 6.1c), and represents an ero-
sional boundary. Greater aspect and gra-
dient of dune slopes occur in the western 
part of the research area, and are more 
likely to be exposed north-east to south-
east, while slopes in the central and east-
ern part show no clear pattern.
6.4.2 Soils and sedimentary units
The subsurface of the KHD is broadly 
dominated by Holocene dune sands, in 
which one thick, buried soil and several 
humic layers are developed. These soils 
were used to separate the otherwise ho-
mogenous sedimentary sequence into six 
sedimentary units (unit 1–6), which are 
described below. These sand-soil sedi-
mentary complexes are clearly distinct 
from the underlying Pleistocene moraine 
deposits (unit P) which forms the bound-
ary for the accumulation rate analyses 
(Figure 6.3). The moraine deposits are 
characterized by a wide range of particle 
sizes, poor sorting and the abundance of 
angular clasts (Figure 6.3), and are always 
capped by a distinct gravel layer showing 
signs for wind erosion (ventifacts). This 
gravel layer inclines towards the south-
west (~ 1.5 m / 100 m) along with the main 
drainage lines of the glacial melt water 
flow (Riedel 1997, Duttmann et al. 2006) 
(Figure 6.1b). 
6.4.2.1 Unit 1
The lowermost sandy sedimentary unit 
(unit 1) is deposited on top of a gravel lay-
er which separates the glacial and aeolian 
deposits, and is capped by a thin charcoal 
layer. Dating of charcoal fragments yield a 
radiocarbon age of 10600 ± 500 BP (11600–
8945 cal. BC; KIA40619) (P6 VS8 in Figure 
6.5), indicating that unit 1 represents an 
aeolian depositional episode during the 
Late Glacial/Early Holocene. All sediments 
of unit 1 are characterized by horizontally 
laminated, medium-sandy fine sands with 
median (Md) and mean (M) diameter of 
0.17 mm and 0.18 mm (Figure  6.3). 
Grain size analysis shows a dominance of 
fine sand (~ 68 wt.%), a smaller amount 
of medium sand (~ 30 wt.%) and minor 
amounts of coarse sand (Figure 6.2). Typ-
ical for aeolian sands, the amounts of silt 
and clay are small (< 1 wt.%). The aeolian 
cover sands have a light yellow (2.5Y 7/4) 
colour and are typically well sorted (Pye 
and Tsoar 2009) with a sorting coefficient 
(So) of 1.4 (Figure 6.3). Unit 1 has a limited 
maximum thickness of ~ 0.5 m and could 
only be confidently distinguished from the 
superimposed unit 2 within profile 6 (Fig-
ure 6.3). 
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6.4.2.2 Unit 2 (-p)
Unit 2 is characterized by horizontal-
ly bedded, fine-grained and gravel-free 
sands with a yellowish brown colour (Ta-
ble 6.1). Within the top of this depositional 
unit a ~ 0.6 m thick podzol soil (Figure 6.4) 
has developed, with an upper bleached E 
horizon and a lower strongly colored illuvi-
al B horizon with accumulation of organic 
matter and sesquioxides (Sauer et al. 2007, 
Figure 6.4). Maximum thickness of ~ 3.8 m 
is reached for this unit at the highest point 
of the KHD, but decreases to around 0.8 
m towards south the of the research area 
(exposure P4 VS13) (Figure 6.5). Clear dif-
ferences between unit 1 and 2 can be seen 
within grain size distribution, statistical 
parameter (Md, M, So) and the colour of 
the sediments (Table 6.1), which indicates 
this is likely a distinct phase of aeolian sed-
imentation. All sediments of unit 2 show 
lower proportions of fine sands (mean: 
~ 51 %) and higher proportions of medium 
sands (mean: ~ 44 %). Generally, silt and 
clay are only slightly higher (0–5 wt.%), 
however the proportions are significantly 
higher in A horizons and illuvial B horizons 
of the podzol described below (Figure 6.3). 
Soil bulk densities (SBD) reach their low-
est values measured in this study between 
~ 1.1 g cm-3 and 1.7 g m-3, with an average 
of 1.46 ± 0.05 g cm-3 (n=14). Sediments 
are well to moderately sorted and the ra-
tio of medium to fine sand (MS:FS-ratio) 
suggests a relatively homogenous deposi-
tional regime. 
Sediments within unit 2 tend to fine up-
wards, which can be attributed to soil pro-
cesses within the horizons overlying unit 2. 
This ~ 0.6 m thick native soil is an Ortstein-
ic Podzol (IUSS Working Group WRB 2015). 
From top to bottom, this soil consists of 
a humous topsoil (A horizon, Ab) (Figure 
6.4) that ranges in colour from black to 
brown (Table 6.1), with organic matter 
content that varies between ~ 0.7 % and 
11.5 % (mean: 4.5 %), and which contains 
numerous charcoal fragments. The under-
lying bleached, eluvial E horizon (Eb) has a 
reddish grey (2.5Y 4.5/1) to brownish grey 
colour (10YR 5/1) and shows well-devel-
oped tongues up to a depth of ~ 1 m, which 
can presumably be linked to old root chan-
nels Figure 6.6). The strongly cemented, 
spodic B horizons (Bhb, Bsb/Bmsb) under-
lie the E horizons and are characterized by 
brownish black to reddish brown colors 
(Table 6.1, Figure 6.4). Thin dark-coloured 
humic bands (< 2 mm) in B and C horizons 
up to a depth of ~ 1.5 m are the result of 
deep humus illuviation (Wiechmann 1981, 
van Breemen and Buurman 2002). The pH 
values vary between 3.3 and 4.4, but show 
no vertical trend. The podzol soil has a 
typical strongly expressed Fe profile with 
the highest amount of oxalate- and dith-
ionite-extractable Fe in B horizons (van 
Breemen and Buurman 2002), while activ-
ity ratios (FeO:FeD) higher than 1.0 occur 
in B as well as in E horizons (Figure 4). 
Charcoal fragments of the topsoil (A hori-
zon: Ahb/Apb) provide the following ages: 
777–979 cal. AD (KIA38361), 777–986 cal. 
AD (KIA38360). A sample of soil organic 
matter (SOM) was dated to 775–964 cal. 
AD (KIA37876).
In a ~ 0.4 ha wide area that extends from 
Kuhharder Hill to the western edge of the 
study area we observed parallel plough 
marks in the topsoil of the podzol (unit 2-p) 
(Figure 6.1), indicating an old agricultural 
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Figure 6.3: Boxplots of the main physical and chemical features of sedimentary unit P to unit 6, in red colour: unit 2-p
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cropping technique, a turning plough, was 
employed at this time (Figure 6.1d, Figure 
6.6). The ploughed and turned horizon 
(unit 2-p) is characterized by clearly dis-
tinguishable brownish black color (Figure 
6.4, Table 6.1).This makes the furrow-slic-
es clearly visible within the lighter Eb ho-
rizon, in which the furrow-slices were in-
corporated by the turning plough (Figure 
6.6). The clear visibility of the turned soil 
is supported by strong differences be-
tween the analysed soil variables within 
the furrow-slices and the surrounding E 
horizon (Figure 6.3). The ploughed ho-
rizon is shallow, and ranges in thickness 
only between ~ 0.06 m to 0.17 m. Repeat-
ed ploughing would have mixed surface 
and subsoil material, which was not found 
in unit 2, which indicates that the field 
was only ploughed once. Throughout the 
ploughed horizon (unit 2-p), charcoal frag-
ments and very fine gravel are evenly dis-
tributed (Table 6.1). These charcoal pieces 
were most likely incorporated into the soil 
by the ploughing process, and their age 
provides evidence for earlier settlement 
activities in the study area (395–536 cal. 
AD, KIA39156), and similar ages were ob-
tained by dating of the soil organic matter 
(111 cal. BC–51 cal. AD, KIA37877). 
In areas of unit 2 without signs for plough-
ing, slag pieces of up to 15 cm in size, 
burnt clay fragments, stone fragments 
(> 5 cm) and larger charcoal pieces (> 1 cm) 
are distributed within the top ~ 15 cm of 
unit 2 (e.g. exposure P1 VS5, Table 6.1). In 
combination with an iron-melting furnace 
and slag pit which was found dug into unit 
2 (exposure P6 VS8, Figure 6.5), these 
findings testify to the presence of iron 
smelting and related activities in the area. 
Similar archaeological findings are well 
studied in the study area, and date to the 
Roman Iron Age (~0–400 AD) (Backer et al. 
1992, Jöns 1997). A man-made pit (~ 1.2 m 
in length, ~ 0.3 m in depth) dug into unit 
2 for unknown purposes was found with-
in exposure P5 (Figure 8). The OM within 
the bottom sediments of this pit yield an 
age of 25–211 cal. AD (KIA45529), the up-
per part show an age of 660–768 cal. AD 
(KIA45530). These ages indicate the cre-
ation of the pit during Roman Times, and 
then a slow infilling process until Medieval 
Times.
6.4.2.3 Unit 3
A horizontally laminated sand layer (unit 
3) overlies unit 2. The extension of this 
layer is limited to the central area of KHD 
(Figure 6.1e). Unit 3 is characterized by a 
yellowish brown colour with a thickness 
of maximum ~ 0.3 m. This layer is domi-
nated by fine sands with the lowest values 
of middle sand found in this study (~ 28 
%), and the highest values in SBD (mean: 
1.62 ± 0.02 g cm-3, n=4)  (Table 6.1, Figure 
6.3). Layer 3 is characterized by a series of 
three undulating humic sublayers of less 
than 2 cm thickness, which were interca-
lated with sand dominated layers of 3–8 
cm thickness. Charcoal particles are gen-
erally finely dispersed throughout but also 
concentrated within the humic layer. Unit 
3 is capped by a weakly developed; par-
tially diffuse A horizon (2Ahb, Figure 6.4) 
with organic matter content varying be-
tween 0.6 % and 1.5 % (Table 6.1). The A 
horizon is only slightly higher in extracta-
ble Fe than the underlying parent material 
(C horizon) (Table 6.1, Figure 6.4), which 
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can be interpreted as representing a rela-
tively short period of soil formation. Char-
coal pieces sampled and dated from the A 
horizon (667–800 cal. AD, KIA41023) are 
not coherent with radiocarbon dates de-
rived from dating SOM (474–646 cal. AD, 
KIA37875), but overall suggest soil devel-
opment occurred between ~ 474–800 AD.
6.4.2.4 Unit 4
Unit 4 consists of horizontally laminated, 
partially cross-bedded sands of reddish 
brown to light yellowish brown color. The 
layer has a minimum thickness of ~ 0.4 
m at NE-slope and a maximum thickness 
of ~ 2.4 m at the dune crest of KHD (unit 
4) (Table 6.1), and therefore accounts for 
the bulk of the dune crest thickness. Unit 
4 shows sediment characteristics similar 
to those of unit 2 (Figure 6.3), especially 
in the alternation of charcoal and sandy 
sublayers: Eleven thin charcoal layers (< 
1 cm) alternate with sand dominated lay-
ers (Figure 6.7). Three charcoal pieces 
extracted from the uppermost charcoal 
sublayer were dated to 394–545 cal. AD 
(KIA39155), 996–1154 cal. AD (KIA39154) 
and 1032–1162 cal. AD (KIA45183). A char-
coal piece from a more central sublayer 
was radiocarbon dated to 1040–1209 cal. 
AD (KIA45184), and the lowest sublay-
er to 1036–1157 cal. AD (KIA40621). An 
OSL ages of 765 ± 80 yrs (1164–1324 AD, 
OSZ628) was obtained from a lower sandy 
layer. 
The upper boundary of unit 4 is sharp, 
which cuts through sedimentary layers 
and is therefore likely to be erosional. This 
erosional boundary forms a 1 m deep and 
8 m long depression at the western slope 
of the KHD (P2 VS2 in Figure 6.3). An age 
obtained from the layer underneath this 
depression gives a maximum age for this 
erosional event of 705 ± 75 yrs (1229–1379 
AD; OSZ488), and also provides the oldest 
age of layer 4. Man-made, ~ 0.9 m deep 
ditches of unknown purpose and 0.3–0.5 
m in diameter were dug from the surface 
of unit 4 into unit 2 (Figure 6.8). In expo-
sure P4, the strongly leached sediments 
of the E horizon (unit 2) were found next 
to the ditch feature indicating that spoils 
were deposited nearby, and the ditches 
were later refilled with sands of unit 4.  
6.4.2.5 Unit 5 and 6
A confident distinction between unit 5 and 
unit 6 was only possible within two verti-
cal sections (P1 VS5, P2 VS3, dune crest of 
KHD) (Figure 6.5). Hence, in most analysis 
unit 5 and 6 are grouped together as unit 
5/6. Unit 5 consists of laminated sands 
with sediment characteristics (grain size 
distribution, Md, M, So) similar to those of 
unit 2 and 4 (Section 6.4.2.2 and 6.4.2.4) 
with a maximum thickness of 1.7 m (Fig-
ure 6.5). Several diffuse and discontinu-
ous sublayers of increased organic matter 
content, indicated by the much darker 
color (10YR 5/4) are randomly distributed 
throughout the sediments. Charcoal frag-
ments collected from these layers yield 
variable dates spanning a period from 142 
up to 1631 cal. AD (1018–1155 (KIA45182), 
1453–1631 cal. AD (KIA39157), 142–332 
cal. AD (KIA40623) and 387–535 cal. AD 
(KIA40620). This is likely to be caused 
by the reworking of older charcoal frag-
ments. OSL dating of this unit shows rapid 
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sand accumulation around ~ 1400 AD, as 
all ages are within error ranges. The bot-
tom layer yields an age of 670 ± 105 yrs 
(1234–1444 AD, OSZ489); the central sed-
iments an age of 620 ± 75 yrs (1314–1464 
AD, OSZ490), and the upper part of this 
unit was dated to 605 ± 85 yrs (1319–1489 
AD, OSZ491), and 510 ± 70 yrs (1429–1569 
AD, OSZ627) respectively.  
At the top of unit 5 the sequence forms a 
~ 0.4 m thick, weakly developed soil with 
podzolic features (podzolised Arenosol) 
(IUSS Working Group WRB 2015) (Table 
6.1). In profiles in which we were able to 
distinguish between unit 5 and 6, unit 6 is 
a thin sand layer between 0.06 m and 0.13 
m in thickness, which is slightly podzolised 
and subsequently shows a 3–8 cm-thin A 
horizon (Ah) and a humous E horizon (Eh). 
Where they lay close to the present sur-
face, soil horizons of units 5 and 6 show a 
layer of ~ 0.35 m that is clearly disturbed 
likely as a consequence of melioration 
measures prior to afforestation, and thus 
represents a typical mixing layer (expo-
sures: P4, P5 and P9) (Figure 6.5, Figure 
6.8). This mixing could also explain the 
extreme ranges of values found in organic 
matter content and pH values (Figure 6.3). 
6.4.3	Quantification	of	deposition	
rates
We estimated the total sediment mass 
within the research area (KHD, ~ 0.24 ha 
in size), and for each sedimentary unit 
(unit 1–2, 2-p, 3, 4 and 5/6) respectively. 
(Table 6.4, Figure 6.1) using equation 1. 
The total Late Quaternary net sediment 
mass deposited within the research area 
was calculated to be 18.51 ± 0.38 kt. Sed-
iments very likely to have been deposited 
during the Late Glacial/Early Holocene, 
but prior the Preboreal (11600–8945 cal. 
BC) amount to 9.96 ± 0.54 kt (units 1–2), 
which is ~ 55 % of the total Late Qua-
ternary net sediment mass. Sediments 
stored in ploughed part of unit 2 (unit 2-p) 
(395–986 cal. AD) were calculated to be 
0.18 ± 0.02 kt, which is less than 1 % of 
the total net deposition. Only 0.24 ± 0.11 
kt (~ 1 % of the total mass) was deposited 
in unit 3 during the time period of 667–979 
AD. The second largest sediment mass is 
stored in the high-late Medieval depos-
its, unit 4 (996–1379 cal. AD) and unit 5/6 
(1235–1631 cal. AD) respectively (~ 42 % 
of the total mass). Unit 4 was calculated 
to hold 2.87 ± 0.57 kt (~ 15 %), and unit 5 
4.88 ± 0.54 kt (~ 26 %). This means, that 
Medieval Times (700–1500 AD) accounts 
for a deposition of 8.16 ± 0.38 kt, which is 
~ 45 % of the total Late Quaternary sed-
iment mass. Converting these masses to 
accumulation rates using the available 
chronological controls, we calculated the 
highest deposition rates during Medieval 
Times, and within this time period the rate 
increased towards the surface (Table 6.4). 
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6.5 Discussion
6.5.1	 Causes	of	alternating	phases	
of	aeolian	sand	deposition	and	
geomorphic stability 
6.5.1.1 Phase 1: Late-Pleistocene to 
Mid-Holocene (~ 11700–3800 cal. BC) 
After a phase of till formation (unit P) at 
around ~191–130 ka BP (Cohan and Gib-
bard 2012), this study finds evidence of 
the onset of cover sands in the area at 
between 11600 and 8945 cal. BC (P6 VS 
8, Figure 6.5). Northern European cover 
sands are reported to be initiated mainly 
in the Older Dryas (OD: 11850–11750 cal. 
BC), and Younger Dryas (YD: 10730–9640 
cal. BC) (Müller 1999, Mauz et al. 2005, 
Fleige et al. 2006) (Figure 6.9A). These 
late glacial, phases of widespread aeoli-
an activity were interrupted by a phase 
of relative surface stability (Allerød warm 
period, ~ 11700–10700 cal. BC) in which 
woodland covered the study region (Nel-
le and Dörfler 2008), and the entire NW 
Europe (van der Hammen 1951, Iversen 
1954, Kasse 1999, Hoek 2001, Mortensen 
et al. 2011), which caused a character-
istic soil to develop (Usselo / Finow soil) 
(van der Hammen 1957, van Geel et al. 
1989, de Boer 1995, Manikowska 1991, 
Kowalkowski et al. 1999, Schirmer 1999, 
Schlaak 1999, Kaiser et al. 2009). An ear-
lier study on wood charcoal fragments of 
unit 1 has found evidence for the presence 
of boreal pine and birch woodland during 
this time period (Jansen et al. 2013), and 
supports the existence of an Allerød birch-
pine woodland. This woodland potentially 
accumulated sufficient dead and dry bio-
mass to burn regularly (van der Hammen 
1951, Hoek and Bohnke 2002, van der Ham-
men and van Geel 2008), which would ex-
plain the presence of the large amount of 
charcoal particles within unit 1 sediments 
(11600–8945 cal. BC, KIA40619, Table 6.2, 
Figure 6.5). However, the analysed char-
coal fragments are small, exhibit signs of 
transportation (Jansen et al. 2013), and are 
distributed throughout the sedimentary 
layer. In combination with the deposition 
age of 11600–8945 cal. BC, we interpret 
the sediments of unit 1 to be very likely 
the result of large aeolian activity during 
the YD, which has largely eroded the orig-
inal Allerød soil in the research area and 
re-deposited these as aeolian sediments, 
including the charcoal fragments (Figure 
6.9A). With the beginning of the Holocene 
at ~ 11650 cal. BP (Cohan and Gibbard 
2012), the land surface in Northern Eu-
rope (Castel 1991, Schirmer 1999, Koster 
2005), and the region (Müller 1999, Mauz 
et al. 2005) is generally considered to have 
stabilized. This was due to an increase of 
temperature and vegetation cover (Nelle 
and Dörfler 2008). This is likely to be also 
true for the KHD, as we do not find any 
evidence for aeolian activity during the 
entire early-mid Holocene period (~ 9650–
3800 cal. BC) (Figure 6.9B). The existence 
of a thick Podzol, developed within the 
late glacial cover sands supports this time 
period as a phase of relative geomorphic 
stability. Our results are consistent with 
earlier studies from the region, in which 
well-developed, similar podzols have been 
reported, and their time of formation was 
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estimated to be several thousand years 
(Jatho 1969, Backer et al. 1992, Müller 
1999, 2000, Mauz et al. 2005). The high val-
ues of pedogenic iron content and activity 
ratio in the buried illuvial horizons (Bhb/
Bmsb) found in the KHD Podzols result 
from the inhibition of sesquioxide crystal-
lization by OM (Blume and Schwertmann 
1969, Cornell and Schwertmann 2003), 
which can be attributed to a comparably 
long time of formation (Sauer et al. 2007). 
Although settlement traces date back to 
Bronze Age in the Joldelund region (Jöns 
1997), there is no evidence for Bronze 
Age aeolian activities in our record. This is 
consistent with a study by Richter (1965) 
who dated charcoal from the surface of 
the buried Podzol closed to KHD to 358 
cal. BC–70 cal. AD (Jol 2, Table 6.2), which 
indicates a phase of surface stability to at 
least the Early Iron Age. 
6.5.1.2 Roman Iron Age to Migration 
period (~ 0–700 AD)
We found several signs for Roman Iron 
Age (~ 0–500 AD) settlement activity and 
iron ore production within our excavations 
at KHD. An old slag pit (profile 6), very 
likely belonging to an iron smelting fur-
nace (bloomery furnace), typical for Iron 
Ages iron production (Jöns 1992), was dug 
into the Podzol and underlying sands (Fig-
ure 6.9C). This finding supports our inter-
pretation of a surface stability phase from 
the early Holocene to the Roman Iron Age. 
Additional evidence for a Roman Iron Age 
occupation of the surface of unit 2 depos-
its (Section 6.4.2.2) comes from numerous 
slag pieces distributed over this surface 
(P1VS5, Figure 6.5). Our finding of settle-
ment activity during the Roman Iron Ages 
in the area is supported by earlier archae-
ological studies, which had already found 
remains of iron ore production and human 
settlement activity during the Roman Iron 
Age Period in the wider area (Jöns 1997) 
(Figure 6.9C). A more detailed archaeo-
logical excavation (~ 300 m from KHD) has 
established a main Roman Iron Age settle-
ment phase at Joldelund, associated iron 
smelting and processing, charcoal produc-
tion, and crop and livestock farming from 
~ 300–450 AD (Erlenkeuser et al. 1997). 
Even though there is clear evidence for 
direct human impact in the research area, 
there is only evidence for minor aeolian 
activity at the KHD during the Roman Iron 
age. However, disturbance of the Podzol 
in Medieval Times could have had the po-
tential to destroy records of small drift 
sand layers. In combination with evidence 
indicating aeolian deposition of several, 
thin sand layers intercalated with peat in 
a small mire ~ 0.7 km away (Dörfler 2000, 
Figure 1d), we interpret the land-use to be 
patchy during Roman Iron Age, which pre-
vented larger scale aeolian activity. This is 
also supported by palynological evidence 
and analysis of wood species from char-
coal fragments (from the archaeological 
site), which shows changes in woodland 
composition at this time and evidence for 
agricultural land-use in the direct vicinity 
of the settlement, but not to the extent 
expected from large scale deforestation 
(Dörfler 2000, Dörfler and Wiethold 
2000). We find no evidence for aeolian 
activity between ~ 450 AD until the Early 
Medieval Times (~ 700–1000 AD), which in 
combination with an increase in aboreal 
pollen and a decrease in plantation pollen 
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(Erlenkeuser et al. 1997, Dörfler 2000, 
Nelle and Dörfler 2008), we interpret as 
reflecting human abandonment and re-
forestation of the area (Figure 9F). This 
finding is in accordance with a general de-
crease in settlement activities throughout 
NW Germany at this time, which lasted 
from the 5th to the 7th century AD (Hame-
row 2002, Dörfler 2003, Nelle and Dör-
fler 2008).
6.5.1.3 Phase 3: Early Medieval 
Times (~ 700–1000 AD)
Within the early Medieval Period, human 
impact becomes more evident within our 
record in several ways (Figure 6.9E–F). 
First, a horizon of clear plough marks (unit 
2-p), which turns over the mature Holo-
cene Podzol, indicates a single attempt to 
use the KHD area for cropping agriculture 
(Figure 6.9E), after which this effort was 
abandoned and heath covered the area 
again (Jansen et al. 2013) which helped 
develop a thin humic horizon (3Ab hori-
zon, Figure 6.4). Earlier studies have in-
terpreted the plough marks to be of Iron 
Age, as Radiocarbon Ages from the over-
turned soil yielded ages from this period 
(358 cal. BC–70 cal. AD (Jol 2, H 1907-1334, 
and Table 6.2) (Richter 1965). In this study, 
we also dated the same overturned black 
soil and obtained a similar result (395–536 
cal. AD, KIA39156; 111 cal. BC–51 cal. AD, 
KIA37877, and Table 6.2). However, we ar-
gue these ages do not give evidence for 
the time of ploughing, but rather of the 
Roman Iron Age occupation of the soil sur-
face, that is itself being ploughed. Instead, 
we suggest that the thin sedimentary lay-
er (unit 3) on top of the initially formed A 
horizon is likely to be the result of a local 
sand drift caused, firstly, by ploughing 
activity in the vicinity of KHD and sec-
ondly by burning of heathland, which 
is evident by the presence of the large 
amount of charcoal particles the initial A 
horizon (777–979 cal. AD, KIA3836; 777–
986 cal. AD, KIA38360; 775–964 cal. AD, 
KIA37876). Therefore the ploughing would 
have occurred much later at around ~ 800 
AD (Figure 6.9F). This thin sand layer is the 
first evidence for human destabilisation of 
the KHD, which was then again stabilised 
by the regrowth of heathland vegetation, 
as suggested by the wood charcoal analy-
sis (Jansen et al. 2013), and a subsequent 
humic A horizon (2Ahb horizon in figure 
4) which was dated to the very beginning 
of the Early Medieval (667–800 cal. AD, 
KIA41023; 474–646 cal. AD, KIA37875). 
When combined with a the pollen and 
radiographic analysis of mire only 0.7 km 
away (Dörfler 2000) which does not show 
any evidence for drift sands before ~ 1100 
AD, we are confident in suggesting that 
there was no major phase of aeolian ac-
tivity prior to High Medieval Times. This is 
also supported by another regional pollen 
record which indicates some deforesta-
tion and agricultural activity in early Medi-
eval Times in the area, and which progres-
sively increased into High Medieval Times 
(Dörfler 1992, Dörfler 2000). This rela-
tive stability of the land surface and minor 
aeolian activity in Early Medieval Times 
can also be found throughout Northern 
Europe, and stresses the potential of KHD 
as important sedimentary archive (Py-
ritz 1972, Castel 1991, Koster et al. 1993, 
Alisch 1995, Müller 1999, Mauz et al. 2005, 
Hilgers 2007).
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6.5.1.4 Phase 4: High- to Late 
Medieval Period (~ 1000–1500 AD)
The largest sediment accumulation and 
re-activation at the KHD took place be-
tween ~ 1000 AD and 1500  AD (High to 
Late Medieval Times), and represents 
the most significant phase of aeolian ac-
tivity within the Holocene deposits. We 
observe two main depositional layers, 
which we interpret as two distinct deposi-
tional phases: firstly a High Medieval sand 
layer deposited ~ 1200  AD (996–1154 
cal. AD, KIA39154; 1032–1162 cal. AD, 
KIA45183; 1040–1209 cal. AD, KIA45184; 
1036–1157 cal. AD, KIA40621; 1164–1324 
AD; OSZ628) (Figure 6.9G), and secondly 
a Late Medieval sand layer formed ~ 1400 
AD (1234–1444 AD, OSZ489; 1314–1464 
AD, OSZ490; 1319–1489 AD, OSZ491; 
1429–1569 AD, OSZ627) (Figure 6.9H). 
Both of which were likely deposited rel-
atively rapidly (< 800 years for ~ 45 % of 
the total sediment; Section 6.4.3). We in-
terpret this aeolian activity to be the result 
of widespread deforestation, melioration 
processes, land-use change, and gener-
al soil degradation in the area. Human 
occupation is also testified to by three 
hand-dug ditches of unknown use found 
in the Medieval deposits (1283–1631 cal. 
AD, KIA40624), and the existence of many 
(at least 10) charcoal layers alternating 
with sand layers within the High Medie-
val deposits (~ 1200 AD, Figure 6.7). These 
charcoal layers suggest burning as a part 
of cultivation techniques in the area sur-
rounding the KHD, and their very low in-
clination (~ 0–2º) also suggests relatively 
constant wind conditions, which would ex-
clude changing climatic conditions with an 
associated increase in wind velocities as a 
cause for the observed dune re-activation. 
A vast and rapid expansion of land-use in 
the area is also observed within the pollen 
record of MUD at this time (~ 800 years 
ago), and supports our interpretation 
that settlement and land-use expansion 
caused the largest re-activation and sedi-
ment accumulation of the KHD dune com-
plex in the Holocene. The observed mag-
nitude and timing of dune-reactivation 
has also been found within chrono-strati-
graphical studies in other regions in the 
northern European Sand Belt (ESB), and 
where the cause is also attributed to land-
use change, including grazing, removal of 
heath sods (»plaggen« and burning culti-
vation (Schirmer 1999, Koster 2005, Mauz 
et al. 2005, Hilgers 2007, Tolksdorf and 
Kaiser 2012). A phase of High–Late Me-
dieval land degradation is also observed 
in many other areas of central Europe, 
where deforestation lead to a reduction of 
woodlands from ~ 94 % to ~ 15 % within 
the period between 650 AD and 1310 AD 
(Bork et al. 1998), and has been attributed 
to the enhancement of hillslope erosion, 
gully incision and floodplain accumulation 
(Dotterweich 2008, Larsen et al. 2013, 
Larsen et al. in press).
6.5.1.5 Phase 5: Modern Times 
(~ 1500 AD–present)
From ~ 1500 AD until ~ 1630 AD, only very 
minor and spatially discontinuous depo-
sition in the center of the research area is 
observed in the KHD sedimentary record 
(unit 6 in exposure P1 VS 5 and P2 VS 4 
only) (Figure 6.5, Figure 6.9I). Dune sta-
bility until present time is evident from 
the development of an Arenosol (with the 
86
tendency to podzolization) within the up-
permost layer of the dune sediments that 
were deposited mostly in late Medieval 
Times (unit 5, Figure 6.5). We interpret this 
comparably small aeolian activity in the 
past 500 years at the KHD, which is also 
found in the nearby pollen record of HOE 
(Figure 6.2b), to be the result of extensive 
implementation of new land management 
practices, dominated by the widespread 
regrowth of heathland, as documented in 
the KHD dune itself, the wider area (Dör-
fler 2000), throughout the region (Hase 
1961), and the entire ESB (Schnepel 1981). 
Historical sources from the area report 
that the heathland supported sheep pas-
ture, including the production of honey 
(bee farming) (Schnepel 1981, Figure 6.9J). 
Other studies investigating the origin of 
the expansion of early modern heathland 
in Northern Europe have also argued for a 
disturbance-induced heathland formation 
(Webb 1998), but the processes involved in 
this remain under debate. It is clear from 
the ubiquitous finding of charcoal frag-
ments that fire must have been a factor, 
but forest clear-cutting, followed by cattle 
and sheep grazing, and additional use of 
the remaining woody vegetation for fuel 
(charcoal production), and for winter fod-
der (Pape 1970, Nielsen 1970, Behre 1995, 
Mallik 1995, Pott 1998, Behre 2000b) 
would have all played a role. Other stud-
ies have argued for widespread slash-and-
burn agriculture, and cutting of sod from 
the heath (plaggen), which also promoted 
wind erosion (Behre 2000b, Bach 2008). 
In the study area, the HOE record shows 
a recovery in the remaining woodland 
patches within the period ~ 1400–1520 AD 
and an increase in Calluna-heathland from 
~ 1250 AD (Figure 6.2). These findings 
seem to support the relative geomorphic 
stability of the KHD area in the transition 
of Late Medieval to Modern Times. How-
ever, the degree of surface stability in the 
research area remains surprising especial-
ly because i) spatial analysis of historic 
maps from A.D. 1878 (Figure 6.9J) shows 
the location of an agricultural field in the 
south-west of the research area, whose 
boundaries correlate with a sharp erosion-
al hiatus found along south-eastern part 
of the KHD (Figure 9J), and could promote 
wind erosion, and ii) many studies on Hol-
ocene aeolian deposits in the Northern 
ESB shows a final surface destabilization 
attributed to increased cropping cultiva-
tion during 18th and 19th century (Pyritz 
1972, Koster et al. 1993, Mauz et al. 2005, 
Hilgers 2007, Tolksdorf and Kaiser 2012), 
which continued into the early 20th centu-
ry because of a high demand for food pro-
duction related to the World Wars (Nielsen 
1970, Richter 1965, Duttmann et al. 2004). 
At this time, increasing areas of former 
heathlands were modified into agricultur-
al fields with the introduction of modern 
machinery in farming (steam ploughs) 
and the use of mineral fertilizer (Dierssen 
2004). This is also true for the research 
area and surroundings, where analysis of 
topographic maps from 1921 and 1944 
shows that heathland was converted into 
arable land and the peatland was drained 
for use as grassland (Dörfler 2000, Dutt-
mann et al. 2004, Bach 2008). As a conse-
quence severe wind erosion is repeatedly 
recorded in nearby settlements and villag-
es at the end of the 1930s (Schultz 1978), 
and again at the end of the 1940s (Niels-
en 1970). As a result, the first modern 
land-management measures to prevent 
aeolian activity were taken in the 1930s, 
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with re-forestation targeted within areas 
especially vulnerable to wind erosion. This 
re-forestation program included the KHD 
area, which explains the absence of new 
sediment deposition from this time period 
of otherwise widespread dune re-activa-
tion (Figure 6.9K). Aeolian activity ceased 
in the region from the 1940s with increas-
ingly comprehensive land management 
strategies, including systematic affores-
tation of heathland and inland dunes, and 
the planting of hedge rows (»knicks«) to 
increase surface roughness between fields 
(Figure 6.9L).   
6.5.2	 The	quantification	of	
Holocene aeolian activity and past 
landscape change 
The first phase of sediment deposition re-
corded in the KHD complex, spanning a 
time period between the Older Dryas up to 
the Preboreal (Section 6.5.1.1), represents 
~ 4800 years of vegetation retardation in 
the region (Nelle and Dörfler 2008). This 
phase accounts for the largest sediment 
mass in the record (9.96 ± 0.54 kt) of the 
total Late Quaternary sediment deposi-
tion (~ 55 %), and yet was deposited at a 
relatively slow rate of 1.48 ± 0.05 tha-1a-1 
(Figure 6.10). The ~ 5000–6000 years’ time 
period up until the Roman Iron Age, which 
constitutes much of the Holocene, is char-
acterized by a relatively stable surface, 
with no aeolian activity recorded in the re-
search area, and only very minor (< 1 cm) 
sand drift recorded in the adjacent MUD 
site (MUD 1 and MUD 2 in Figure 2a). The 
observed surface stability during this time 
is due to a dense vegetation cover, and 
if human land-use did exist, it was like-
ly only patchy throughout the Holocene 
until ~ 380 AD (MUD 1–MUD 2 in Figure 
6.2a, and HOE 1–8, in Figure 6.2b). This 
long period surface stability has also been 
found throughout the ESB (Müller 1999, 
Schirmer 1999, Koster 2005). 
Settlement and iron smelting activities 
during Roman Iron Age caused some dis-
turbance of the vegetation (MUD 3 in 
Figure 2a, HOE 7 in Figure 6.2b), which 
resulted in local, and small scale re-acti-
vation of cover sands reflected in a patchy 
deposition of thin sand layers in the vicini-
ty of KHD area (MUD 3 in Figure 6.2a). Al-
though evidence of this small scale surface 
instability in the sediments of the KHD has 
likely been destroyed through subsequent 
human activity, in order to accommodate 
the potential surface instability during 
this time period within our calculations, 
we quantified the sediment mass of the 
ploughed soil horizon as a rough (and likely 
overestimated) measure. The significance 
of such an overestimate is negligible giv-
en the sediment deposited in this phase 
amounts to only 0.18 ± 0.02 kt, or < 1 % 
of the total net sediment mass, which 
translates into the lowest deposition rate 
(0.12 ± 0.02 t ha-1 a-1) (Figure 6.10) found 
in this study. This very limited geomorphic 
activity during the Roman Iron Age which 
is quickly stabilized by settlement aban-
donment during the Migration Period as 
indicated by a complete recovery of the 
vegetation to pre-Roman Iron Age levels 
(MUD 4 in Figure 2a, HOE 8 in Figure 2b) 
and re-stabilization of the dune surface. 
In early Medieval Times minor aeolian 
activity is recorded at around ~ 800 AD, 
which lies with 0.24 ± 0.11 kt within the 
error range of the Roman Iron Age aeoli-
an activity, and also constitutes less than 
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1 % of the total net mass.  During this time 
period, the KHD was influenced by minor 
human impact through a single ploughing 
event, and is immediately followed by mi-
nor deposition with a rate of 0.32 ± 0.15 t 
ha-1a-1, which is twice as fast as during the 
Roman Iron Age (Figure 6.10). 
High Medieval Times are characterized by 
significant deforestation and settlement 
activity (Section 6.5.1.4). The response 
of the dune systems is reflected in a one 
order of magnitude increase in deposi-
tion rate (3.05 ± 0.61 t ha-1 a-1, Figure 6.10), 
which is the largest change in deposition 
rate found in this study. In combination 
with the pollen record showing the largest 
deforestation activity recorded before the 
19th century (MUD 6 in Figure 6.2a, HOE 10 
in Figure 6.2b), we interpret this to be the 
phase of most rapid landscape change, 
and it accounts for ~ 35 % (2.87 ± 0.57 kt) 
of the net Medieval deposition. Deposi-
tion rates continue to rise with increasing 
land-use change up to 5.02 ± 0.55 t ha-1 a-1 
in Late Medieval Times and sediments in 
this phase account for 4.88 ± 0.54 kt de-
posited during this period, which is ~ 60 % 
of the medieval mass and nearly one third 
of the total. This constitutes the largest 
depositional phase and the highest geo-
morphic activity found in this study. At the 
same time, the adjacent mire MUD is cov-
ered by a thick layer or drift sand (Figure 
6.2a), which supports our interpretation 
of widespread aeolian activity during this 
time period. With the onset of the modern 
time period, the surface of the KHD is sta-
bilized, and no net deposition is recorded. 
6.5.3 Medieval land degradation 
leads to settlement abandonment
Aeolian dune accumulation rates first rise 
slowly in early Medieval Times (from 0 to 
0.32 ± 0.15 t ha-1 a-1), and then continue to 
rise until Late Medieval Times (up to 5.02 
± 0.55 t ha-1 a-1), with the fastest increase 
in the transition between Early and High 
Medieval Times (from 0.32 ± 0.15 t ha-1 a-1 
to 3.05 ± 0.61 t ha-1 a-1). It is interesting to 
note however, that the end of the medieval 
deposition phase is surprisingly abrupt. In 
combination with a sudden phase of vege-
tation recovery after ~ 1400 AD (HOE 11 in 
Figure 6.2b) and onset of soil formation in 
the deposits of the KHD, we interpret this 
as evidence of a sudden, Late Medieval 
abandonment of the area, which coincides 
with the simultaneous abandonment of 
the nearby village Hyoldelunt (Hinz 1949, 
Richter 1965) (Figure 6.9H), and large 
economic losses in the area (Mager 1930). 
An increase in the amount of arable land 
through deforestation also reduced sur-
face roughness thus accelerating soil ero-
sion and deposition of widespread drift 
sand deposits. Our results indicate that this 
abrupt abandonment of the village and its 
surrounding area was caused by the initial 
Medieval intensification of farming and 
overgrazing which resulting in widespread 
landscape degradation. Similar responses 
to medieval land-use changes and wind 
erosion processes are reported for other 
areas in Schleswig-Holstein, e.g. from the 
Medieval settlement Süderlügum, ~ 30 km 
northwest to the study area, which was 
destroyed by drift sands around ~ 1550 AD 
(Andresen 1924, Mager 1930). We there-
fore argue, that Medieval landscape deg-
radation is – at least in landscapes easily 
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destabilized by deforestation – an impor-
tant, if not the dominant factor leading to 
a widespread settlement abandonment in 
Late Medieval Times. This is in accordance 
with findings from Northern Belgium and 
Northern Germany, indicating Medieval 
settlement abandonment due to exten-
sive sand-drifting (Andresen 1924, Niels-
en 1970, Derese et al. 2010). These findings 
reduce the need to invoke socio-economic 
changes favored in the prevailing hypothe-
sis, that in some cases in combination with 
environmental and climate change (Kaiser 
et al. 2002, Küster et al. 2014) has led to 
a phase of settlement abandonment in 
the late 14th century. Given the timescale 
over which the settlements expanded fol-
lowing initial landscape changes, it is also 
likely that any recorded socio-economic 
changes were themselves in large part a 
response to increasingly dire wind erosion 
and soil degradation conditions. 
6.6 Conclusion
In this study, we have quantified the large 
influence of Medieval settlement expan-
sion on an inland dune complex in the ESB. 
The combination of detailed chrono-stra-
tigraphy, a geospatial model, and pollen 
records showed that deforestation and 
intensification of agriculture lead to dest-
abilization of the soil surface, increasing 
local wind speeds and aeolian activity. We 
can clearly identify four phases of aeolian 
sedimentation, and each with increasing 
magnitude, to historical settlement and 
land-use. Human activities during Roman 
Iron Age Period (0–500 AD) had only low 
impacts on the landscape, and provided 
the lowest deposition rate (0.12 ± 0.02 
t ha-1 a-1). Since the ~ 700 AD Medieval de-
forestation and overexploitation of the 
land resulted in rapid dune-building and 
the highest aeolian accumulation rates in 
the KHD record since the deposition of 
aeolian sands began during the Late Pleis-
tocene. We demonstrate that phases of 
aeolian deposition and their rate of dep-
osition match closely the results of pollen 
records in the area. This highlights that, in 
addition to pollen records, inland dunes 
may provide important, complementary 
archives for identifying landscape system 
thresholds and quantifying the effects 
of land degradation. We also show that 
late Medieval settlement abandonment 
is coincident with an abrupt cessation of 
dune sedimentation, following the largest 
phase of dune re-activation found in the 
record. Hence, we argue that unsustaina-
ble land-use in Medieval Times has led to 
increased aeolian activity, which caused 
soil degradation and finally the abandon-
ment of the village and adjacent farmland. 
The observed feedback structures of hu-
man-environmental interactions appear 
cyclical: Due to poor land-use manage-
ment in historic and recent times severe 
drifting of sand and the accumulation of 
dunes occurred, forcing field and settle-
ment abandonment, and finally, after a 
phase of recovery, adaptation through the 
use of suitable land management practic-
es (extensive grazing, afforestation). Our 
results have implications for other studies 
on aeolian sedimentation throughout the 
ESB, suggesting a larger importance for 
Medieval land degradation for the widely 
observed phase of Medieval settlement 
abandonment than previously thought. 
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7Wood charcoal from an inland dune complex at Joldelund (Northern Germany). Information on Holocene vegetation and landscape changes
7.1 Introduction
Pedoanthracology, i.e. the analysis of 
wood charcoal from soils and sediments 
of Holocene and Pleistocene formation is 
a powerful tool for the reconstruction of 
the occurrence of woody species in time 
and space (Carcaillet and Thinon 1996, 
Carcaillet et al. 2006, Haesaerts et al. 
2010). While the analysis of archaeological 
charcoal, also called archaeo-anthracol-
ogy (Vernet 2002) has a long history, the 
investigation of charred wood remains in 
soils and sediments became increasingly 
important in the last 30 years with the de-
velopment of pedoanthracology or geoan-
thracology (Vernet 2002). To date, many 
studies have used charcoal from soil pro-
files to reconstruct fire and vegetation his-
tory (e.g. Talon 2010, Poschlod and Bau-
mann 2010, Robin et al. 2011). However, 
there is relatively little scientific literature 
where charcoal from sand sediments were 
analysed taxonomically, especially from 
dunes (Keit and Mothes 1942). Thus, the 
application of charcoal analysis as part of 
dune investigations is not yet developed, 
although charcoal layers were mentioned 
in publications on dune development 
(Seppälä 1995, Schlaak 1999), and char-
coals are routinely used for radiocarbon 
dating of layers within profiles (Seppälä 
1995, Kowalkowski et al. 1999, Schirmer 
1999, Loope and Arbogast 2000, Ivester 
and Leigh 2003). The usages of bulk sam-
ples from dunes are even more difficult 
because further factors as incorrect cal-
culation due to the hard water effect have 
to be considered. These may cause large 
dating errors up to several thousand years 
(Yang and Scuderi 2010, Yang et al. 2011), 
which means that charcoals are essential 
to date the dune history if their origins can 
be identified. Occasionally, microscopic 
charcoal is quantified in combination with 
pollen studies in the framework of dune 
research (De la Vaga Leinert et al. 2000, 
Franco-Mugica et al. 2005). 
As a part of a project which addresses the 
Late Holocene aeolian activity triggered 
by human and their impact on the land-
scape and dune development in Northern 
Germany (PhD project of U. Lungershaus-
en), large profiles in an inland dune com-
plex near to Joldelund were examined. 
An exceptional number of black, char-
coal-rich layers were observed in these 
dune profiles and lead to further exami-
nation. Thus, samples were taken in order 
to quantify the content of charred plant 
material, as well as for performing taxo-
(published in: Quaternary International)
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nomic analysis of wood charcoal. The goal 
of this work is to gain a better understand-
ing of the processes of dune development, 
and to test the potential of aeolian sedi-
ments as archives of former occurrences 
of woody species.
This paper presents the first study that 
uses taxonomic information of dune char-
coal, to (1) support geomorphological in-
terpretation by anthracological correla-
tion of the dune profiles, and (2) gain local, 
small-scale information of past vegeta-
tion composition, which is previously only 
known from pollen analysis on a less de-
tailed spatial resolution in the area (Dör-
fler 2000). Given the widespread distri-
bution of coastal and inland dune systems 
within the European Sand Belt (Koster 
2005), not to speak globally (e.g. Yang et 
al. 2012), it is necessary to figure out the 
possibilities of using charcoal research in 
this geological context. Which species can 
be found in the dune sediments? Is it pos-
sible to locate the origins of charcoal, and 
thus the potential provenance of the dune 
sand? Did the vegetation cover change 
during the course of dune accumulation? 
Can taxonomic charcoal assemblages sup-
port the sedimentological / geomorpho-
logical interpretation and interconnection 
of several neighboring profiles?
7.2 Study area
7.2.1 Present situation
The Kuhharder Hill is a small inland dune 
complex covering an area of approximate-
ly 2 ha southwest of Joldelund, North Fri-
sia, Germany (54° 38‘ 45“ N, 9° 7‘ 14“ E). 
The area is located in the Weichselian 
outwash plain of northern Europe and 
consists mainly of glaciofluvial sands, per-
iglacial reworked Saalian moraines, and 
aeolian and organogenic sediments (Fig-
ure 7.1). The Kuhharder Hill dunes form 
the westernmost part of an 80 ha large in-
land dune field which in turn covers an old 
Saalian moraine. The research area has a 
height of approximately 30 m asl. The re-
gion´s cover sand and inland dunes were 
formed predominantly during the Older 
and Younger Dryas (Müller 1999, Müller 
2000, Koster 2005, Mauz et al. 2005). Re-
mobilization of these aeolian sediments 
was triggered during the Holocene by hu-
man activities, such as intensive deforest-
ation, agricultural land-use and timber 
production. 
The climate is temperate oceanic, with 
about 8 °C mean annual temperature 
and around 800 mm mean annual precip-
itation (climatological data of the station 
Leck for the period 1975–2002, obtained 
from the German Weather Service, DWD). 
The soils are particularly prone to erosion. 
Sandy light soils (podzols) with a high pro-
portion of fine to medium sand are domi-
nant in aeolian sediments (Duttmann et al. 
2004). In lower elevations predominantly 
gleys have developed under the influence 
of groundwater.
The natural vegetation of the area on 
minerogenic sites would be composed 
of oak-beech forests (Fagus sylvatica, 
Quercus robur, Q. petraea) with Lonicera 
periclymenum, Deschampsia flexuosa, Vac-
cinium myrtillus and Ilex aquifolium. On 
sites close to the groundwater table, at-
lantic-subatlantic birch-pedunculate oak 
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forests (Quercus robur, Betula pubescens) 
with Frangula alnus, Molinia caerulea, and 
partly Myrica gale and Carex nigra (Bunde-
samt für Naturschutz 2000) would prevail 
in a mosaic with alder-pedunculate oak 
forests on minerotrophic peatlands (Dier-
ssen 2004).
In the 1950s, the inland dune field was af-
forested mainly with spruce (Picea abies, 
Picea sitchensis, Picea glauca), pine (Pinus 
sylvestris, Pinus nigra, Pinus mugo) and 
larch (Larix kaempferi) (Nielsen 1970). The 
adjacent areas are nowadays used as pas-
tures and meadows for dairy farming and 
corn production for the extraction of bio-
gas.
7.2.2 Previous studies
During the afforestation in the 1950s, sev-
eral archaeological sites were discovered, 
the basis for further archaeological inves-
tigations at the end of the 20th century 
(Figure 7.1). Special emphasis was placed 
on botanical and anthracological analy-
sis of iron ore production sites (Dörfler 
2000, Dörfler and Wiethold 2000). Set-
tlement activities and iron ore production 
are dated to the 4th and 5th century AD. At 
that time, changes in landscape and veg-
etation are considered to be remarkable, 
albeit the local effect solely resulted in 
moderate sand drifts.
Intensive deforestation and agricultur-
al land-use during Medieval Times led to 
Figure 7.1: Study area. (a) overview; (b) localisation of the study area in Central Europe; (c) geological situation with-
in municipal boundaries of Joldelund (Schleswig-Holstein), 1: Hörrmoos, 2: »Mire covered by dunes« (from Dörfler 
2000, modified).
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at least three phases of dune develop-
ment, and considerable changes in the 
morphology of the dunes. The Medieval 
dune development was interrupted by at 
least two periods of stability and soil de-
velopment, which are preserved as humic 
horizons. Pollen analyses of an adjacent 
buried peat bog (Dörfler 2000, »mire cov-
ered by dunes«, Figure 7.1) coincide with 
the Kuhharder Hill dune record. Historical 
sources of the church register of Schles-
wig point out that in the 15th century AD, 
since more than 30 years, no tax payments 
were received from the Medieval village 
Joldelund (Richter 1965). Dramatic deg-
radation of agricultural land due to wind 
erosion processes were recorded in the 
neighboring communities. Despite some 
local activities for prevention of wind 
erosion damages since the 16th century 
(Duttmann et al. 2004), a comprehensive 
protection program was not established 
before the end of the 19th century. Since 
1950, the governmental-initiated »Pro-
gramm Nord« promoted a systematic af-
forestation of wastelands and planting of 
hedge rows in the area. The wind erosion 
protection measures resulted in a relative 
morphological stability of the Kuhhard-
er Hill for a period of 60 years. -Although 
the main periods of aeolian activity are 
known, estimations about the frequency 
of wind erosion events during these peri-
ods remain elusive. Thus, an interdiscipli-
nary PhD-research project carried out by 
U. Lungershausen aims to reconstruct his-
torical wind erosion and the development 
of the Kuhharder Hill dune complex in a 
high spatial and temporal resolution.
7.3 Methods
7.3.1 Field methods
Eleven profiles with up to 25 m in length 
and up to 2.5 m in depth were excavated 
at the study site on the area of ~2 ha. In 
the central part, seven profiles (Figure 7.2) 
were opened within a maximum distance 
of 50 m apart. Profile 1 and 2 constitute a 
cross-section of the Kuhharder Hill dune 
with 35 m in length and up to 2.3 m in depth. 
Four profiles are situated in a greater dis-
tance to Kuhharder Hill dune, the profiles 
4 and 5 being the furthest away (~ 200 m). 
Each profile was documented with scaled 
drawings and photographs. Samples for 
pedological analyses such as grain size, 
bulk density, organic matter, pH-value and 
iron content were taken within vertical 
sections in eight profiles (Lungershausen 
et al. 2016, submitted). The basal Saalian 
moraine was reached in nine profiles by 
using a hollow auger, in order to deter-
mine the thickness of aeolian sedimentary 
record. Samples for charcoal analysis and 
radiocarbon dating were taken according 
to the given dune stratigraphy. Within the 
dune profiles numerous thin charcoal and 
humic layers were observed, intercalat-
ing with the aeolian deposits (Figure 7.3). 
These charcoal and humic layers were 
sampled for charcoal analysis in the verti-
cal sections and in the immediate periph-
ery. Samples were taken by filling material 
of 1000 g to 2000 g into plastic bags. In 
addition, approximately 150 auger corings 
were carried out to gather spatial data 
from the fossil dune surfaces, which allow 
the subsequent quantification of deposit 
volumes (Lungershausen et. al 2016, un-
published).
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7.3.2 Dating methods
Radiocarbon dating of 15 charcoal sam-
ples were carried out by the Leibniz-Labo-
ratory for Radiometric Dating and Isotope 
Research at Kiel University and ages were 
calibrated according to Reimer et al. (2009) 
using IntCal09. Aeolian sediments, with 
their embedded charcoal layer, provid-
ed the possibility of radiocarbon dating. 
However, the 14C age of the charcoal indi-
cates just the maximum age of the dated 
aeolian deposit. It is assumed that the fire 
event was closely related to the erosion 
event or took place in the immediate vi-
cinity of the study site. At least two char-
coal samples were dated in the respective 
aeolian sediment in order to ensure the 
reliability of the chronology. If 14C ages dif-
fer widely within a single dune phase we 
suppose that the charcoal was reworked 
as a consequence of wind erosion. Prior to 
Figure 7.3: (a) Profile 2 with at least eight charcoal-rich layers; (b) sieved charcoal sample; (c) detailed 
photo of sample, abrasion of charcoal pieces visible
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the radiocarbon dating, the charcoal tax-
on was determined to avoid the old wood 
effect and the dating of modern conifers, 
i.e. Picea. Therefore, short-lived species 
such as Ericaceae, Populus / Salix, and Bet-
ula were preferred. Fagus was chosen to 
check the history of its immigration and 
dispersal which starts, according to the 
available pollen profiles, after ~400 AD 
(Dörfler 2000). Pinus was not used since 
it also occurs in modern plantations.
7.3.3 Charcoal analysis
For charcoal analysis 49 samples were 
taken from the charcoal and humic layers 
of the profiles 1–6, 8 and 11. The samples 
were dry-sieved (mesh 630 mm) in the lab-
oratory. The taxonomic identification of 
the very small wood charcoal (1 to sever-
al millimetres, very rarely up to 1 cm) was 
carried out using a stereoscope with mag-
nification up to x112 (Nikon SMZ 1500) 
and an incident-light microscope with 
magnification up to x500 (Nikon ME 600, 
light and dark field) following Schwein-
gruber (1990a, b) and the reference col-
lection of charred wood of the Palaeoeco-
logy Research Group of the Institute for 
Ecosystem Research, Kiel. The differen-
tiation between Quercus and Castanea is 
often not possible due to the small size 
of fragments. Castanea is highly improb-
able since the study area is well away from 
the natural range of chestnut trees, and 
the climate is not suitable even for intro-
duced individuals. Hence we added these 
charcoals to the Quercus values. Charcoal 
fragments were manually broken under 
the stereoscope (x7.5-10) to attain frac-
tured surfaces of transversal, tangential 
Sampling 
site/ 
Profile
Lab. 
ref.
Mat-
ter 
Taxon Context Depth 
(cm)
δ13C Radio-
carbon
age (BP)
cal. BC/AD 
(2sigma)
Profile 5 KIA40624 C Populus/
Salix
Ditch, 
aeolian 
unit 5
90 -31.41 ± 
0.51
510 ± 90 1283–1631 
cal. AD
Profile 2 KIA39157 C Quercus Aeolian 
unit 5
40 25.70 ± 
0.15
365 ± 20 1452–1631 
cal. AD
Profile 2 KIA40623 C Quercus Aeolian 
unit 5
80 -25.16 ± 
0.15
1780 ± 20 140–332 
cal. AD
Profile 2 KIA40620 C Ericaceae Aeolian 
unit 5
80 -26.32 ± 
0.33
1620 ± 20 391–534 
cal. AD
Profile 2 KIA45182 C Fagus Aeolian 
unit 5
100 -29.08 ± 
0,08
965 ± 25 1018–1155 
cal. AD
Profile 1 KIA39154 C Fagus Aeolian 
unit 4
70 -27.41 ± 
0.20
980 ± 25 995–1154 
cal. AD
Profile 2 KIA39155 C Populus/
Salix
Aeolian 
unit 4
70 -28.54 ± 
0.26
1595 ± 35 396–547 
cal. AD
Profile 8 KIA45183 C Fagus Aeolian 
unit 4
80 -25.06 ± 
0,17
925 ± 25 1029–1165 
cal. AD
Table 7.1: radiocarbon datings calibrated according to Reimer et al. (2009) using IntCal09. Abbreviations of matter 
type: C, Charcoal
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Profile 8 KIA45184 C Fagus Aeolian 
unit 4
140 -28.26 ± 
0,12
900 ± 25 1041–1211 
cal. AD
Profile 2 KIA40621 C Populus/
Salix
Basis of 
aeolian 
unit 4
135 -26.00 ± 
0.18
930 ± 20 1035–1158 
cal. AD
Profile 2 KIA41023 C Betula Aeolian 
unit 3
200 -28.35 ± 
0.12
1265 ± 25 668–809 
cal. AD
Profile 3 KIA39156 C Ericaceae Aeolian 
unit 2a 
(ploughing 
mark
115 -22.59 ± 
0.17
1610 ± 25 403–536 
cal. AD
Profile 8 KIA38361 C Ericaceae Aeolian 
unit 2a
70-90 -25.83 ± 
0.11
1140 ± 25 782–981 
cal. AD
Profile 3 KIA38360 C Ericaceae Aeolian 
unit 2a
110-120 -26.83 ± 
0.22
1135 ± 35 781–988 
cal. AD
Profile 6 KIA40619 C c.f. Alnus Aeolian 
unit 1/2
110 - 10600± 
500
11628–
8946 cal. 
BC
and radial orientation. The identified frag-
ments were weighed for each species to 
calculate percentage on the number and 
weight. A wood diameter measurement, 
which is possible when analysing larger 
charcoal fragments, on the basis of the 
visible growth ring curvatures in combina-
tion with the angles of wood rays (Nelle 
2002, 2003, Ludemann et al. 2004), was not 
possible due to the small size of the char-
coal. For each charcoal sample a minimum 
of 30 pieces were analysed, apart from a 
few samples which contained less than 30 
pieces.
7.3.4 Pollen analysis
From an organic rich infill of a ditch / pit 
structure in profile 5 a vertical section with 
a special sample box (»Stechkasten«) was 
taken, which allows to cut out an undis-
turbed sediment bloc of 30 x 15 x 10 cm. 
From that, eight samples of 1 cm³ from 
the organic rich layers were taken for pol-
len analysis. The samples were treated ac-
cording to standard procedure (Faegri and 
Iversen 1989), using potassium hydroxide 
to dissolve organic matter, fluoric acid to 
get rid of sand material, and acetolysis. 
Pollen and palynomorphs were counted 
with a Nikon Eclipse light microscope with 
x400 and x1000 magnification, up to 500 
arboreal pollen grains per sample. Per-
centages are based on the total land pol-
len sum, including Calluna. Alnus was cat-
egorized as a wetland plant, and excluded 
from the calculation sum. Calculations 
and diagram was done with the software 
Tilia 1.7.14 (Eric Grimm 1999–2011).
7.4 Results
7.4.1 Summary of the 
geomorphological dune 
development
The stratigraphic sequence of the Kuh-
harder Hill dune complex reveals at least 
six phases of sand deposition, which are 
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Table 7.2: Results of charcoal analysis from dune context of Joldelund. n: number of charcoal; W: weight [g]; dec.: 
decidiuous wood; conif.: coniferous wood; id.: not determinable. In the column »other«, taxa with only one fragment 
per sample are mentioned. Analysis: Y. Dannath, D. Jansen, O. Nelle, V. Robin
described by the following aeolian units. 
The basal aeolian unit is characterized by 
brownish yellow, medium-to-fine grained 
sands with a thickness of about 0.6 m (ae-
olian unit 1). It is covered by a pale yellow, 
medium-to-fine sand layer, on which a 
fossil podzol developed (aeolian unit 2). 
The thickness of this unit ranges from c. 
1.0 to 2.5 m. A charcoal remain from two 
thin charcoal-rich layers from the upper-
most part of aeolian unit 1 yield a 14C age 
of 11628–8946 cal. BC (Table 7.1). Accord-
ingly, the age in connection with the re-
sults of Müller (1999) indicates that early 
dune formation probably occurred during 
the Older Dryas (aeolian unit 1) and Young-
er Dryas (aeolian unit 2). The fossil aeolian 
surface on top of unit 2 shows a relatively 
flat terrain. Traces of iron ore production 
and ore processing such as cinder pits with 
slag fragments were found in the northern 
profiles close to the archaeological exca-
vation sites showing the use of this area 
during the Roman Iron Age. Clearly con-
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served ploughing structures on the surface 
of the unit indicate that the Kuhharder Hill 
area was used for agriculture (aeolian unit 
2a6). Dating of Ericaceae charcoal points 
out that this usage took place during Early 
Medieval Times. Three distinct phases of 
sand deposition overlay the fossil aeolian 
surface. The lowest layer is characterized 
by dark, yellowish-brown and mainly fine 
grained sands with a maximum thickness 
of 0.2 m (aeolian unit 3). One 14C-measured 
charcoal of this unit yielded an Early Me-
6 Notice: The used naming of this unit changed  
in the course of this thesis. The initial name  
was »unit 2a« and was then changed in »unit 
2-p« to point out that this unit was ploughed.
dieval date. The overlaying unit 4 consists 
of medium-to-fine grained sand which al-
ternate with charcoal enriched layers. A 
maximum thickness of ~2.5 m was record-
ed for this deposit. Radiocarbon dating of 
embedded charcoal provides evidence for 
a dune formation during High Medieval 
Times, although one 14C sample dated to 
the Late Iron Age (369–547 cal. AD). The 
uppermost sediments consist of similar 
grain size distribution and a brownish-yel-
low color (aeolian unit 5) forming a layer of 
up to ~ 1.5 m in thickness. Charcoal pieces 
are present but appeared speckled, some-
times ribbon-shaped. Despite two Iron 
Figure 7.4: Charcoal assemblages of aeolian units and ditch/pit structure. Samples summarized as 4/5 derive from the 
unit boundary of 4 and 5. Single charcoal finds and aeolian units with just one sample (1 and 3/4) are not reproduced. 
Others include Fraxinus, Pinus, Acer, Tilia, Maloideae and Lonicera
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Age dated charcoals, the datings show 
that this unit was formed during Late Me-
dieval / Early Modern Times. A sedimenta-
tion discontinuity separates the High Me-
dieval layer from the younger deposits. In 
most profiles a podzol has developed on 
the youngest sediment.
In profiles 4 and 5, three nearly parallel 
ditch structures were observed, which cut 
the A-horizon of the fossil podzol. One 
14C sample of the youngest charcoal layer 
which was cut by the ditch structure yield-
ed an age corresponding to Late Medie-
val  / Early Modern Times (1284–1631 cal. 
AD). Underneath a ditch in profile 5 a pit 
structure was found, approximately 120 
cm in length and 20 cm in depth.
7.4.2 Overall charcoal data
The amount of charcoal differed signifi-
cantly in the sampled charcoal-enriched 
layers. In some samples only single or few 
charcoals were found, while most of the 
samples contained 15 to 40 pieces, and oc-
casionally more than 40. A total 1333 piec-
es (4.59 g) were taxonomically identified 
and 121 remained undetermined (indet) 
mainly because they were too small for 
identification and / or the woods’ anatom-
ical characteristics were poorly visible. 
The total charcoal spectrum is composed 
of 14 taxa (Table 7.2). It is dominated by 
Quercus (oak; 64 %). Ericaceae (heather; 
25 %) are present in many samples, albeit 
usually with low values, but three samples 
from aeolian unit 2a show exceptional-
ly high values of Ericaceae. However, we 
assume that Calluna vulgaris is an impor-
tant species, as it is one of the character-
istic plants of the north-western Europe-
an heathland. Fagus (beech; 4 %) has a 
relatively high frequency, and is present 
in most samples. Further woody taxa are 
Betula (birch; 2 %), Alnus (alder; 1 %), 
Populus/Salix-type (poplar / willow; Salix 
was determined in some cases; 1 %) and 
species with less than 1 %: Corylus (hazel), 
Fraxinus (ash), Pinus (pine), Acer (maple), 
Tilia (lime), Maloideae (the apple subfam-
ily, including Pirus, Malus, Crataegus and 
Sorbus), and Lonicera (honeysuckle). Most 
samples are dominated by Quercus, some 
by Ericaceae, other species occur in low 
numbers per sample (Table 7.2, Figure 
7.2). In several samples, we additionally 
observe a considerable number of char-
coal pieces having a rounded shape (see 
Figure 7.3c).
7.4.3 Charcoal assemblages of 
aeolian units
In total five different aeolian units were 
identified. The aeolian unit 1 was exposed 
only in profile 6, and one charcoal sample 
was taken. It contains a few small charcoal 
pieces identifiable as Betula, Alnus, Salix 
and Pinus. Charcoal samples of the fossil 
podzol (aeolian unit 2) corresponding to 
the Roman Iron Age show high values of 
Quercus and just a few pieces of other taxa 
(Fagus, Alnus, Corylus and Populus/Salix, 
Figure 7.4). Aeolian unit 2a which is relat-
ed to the Early Medieval Times (ploughing 
horizon) is dominated by Ericaceae; only 
one other taxa was identified (Quercus). 
In the aeolian units 3–5 Ericaceae are still 
present, but they never reach again such 
a high level as in the aeolian unit 2a. Nev-
ertheless, Ericaceae are still numerous in 
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aeolian unit 3 and occur together with the 
dominant Quercus and some pieces of Fa-
gus and Betula. The charcoal assemblages 
of the aeolian units 4 and 5 are dominat-
ed by Quercus, but species such as Fagus, 
Betula, Alnus and Corylus are commonly 
found in the samples. Comparable results 
are given by samples from the ditch struc-
ture of profile 5.
7.4.4 Pollen analysis
The ditch which was sampled for pollen 
analysis was dug down from the Medieval 
soil surface, according to radiocarbon dat-
ing and stratigraphy. The ditch with its or-
ganic sediment was later, probably in the 
15th or 16th century, refilled and covered by 
drift sand. Thus, the uppermost sediment 
of the »Stechkasten« profile formed dur-
ing Late Medieval Times, and the pollen 
assemblages date to this period. The fol-
lowing part of the pollen section reflects 
the filling of the pit structure. The pit with 
its organic sediments is estimated to be 
Medieval, based on the stratigraphy. The 
eight samples from the small profile show 
high values of Calluna and Corylus, with 
significant amounts of Betula, Alnus and 
Fagus (Figure 7.5). Quercus is less abun-
dant than Fagus, which shows an increase 
along the profile. All samples contained 
high quantities of microscopic charcoal, 
indicating fire activities at the site. Arbo-
real to non-arboreal pollen (AP / NAP) ra-
tio is between 6:4 and 3:7. 
7.5 Discussion
7.5.1 Formation and provenance of 
charcoal
The origin of charcoal plays an important 
role for the interpretation of anthracolog-
ical assemblages. In soils and sediments, 
charcoal fragments might have several 
origins, which are usually difficult to as-
sess. Charcoal might be formed by natural 
forest fires, as well as anthropogenic fires 
such as campfires or intentional burning 
of wood- and heathland for agricultural 
and pastoral purposes. At Joldelund, iron 
ore production and early human settle-
ment are known in the vicinity of the dune 
complex, which have occurred during the 
Roman Iron Age (Jöns 1997). As different 
processes of transport of charcoal after 
their formation are possible, we distin-
guish between primary distribution at the 
time of the fire event, and secondary dis-
persal, i.e. reworking of charcoal by wind 
erosion processes. The dispersal during 
fire events depend on various factors such 
as particle size, wind speed and openness 
(wind fetch) of the landscape. A survey 
with charcoal traps in an experimentally 
burnt boreal forest showed that almost no 
charcoal > 0.5 mm was found outside the 
burnt area (Ohlson and Tryterud 2000). 
Trapping of charcoal in Switzerland, af-
ter a fire caused by an arsonist, showed 
a dispersal of charred remains (> 1.4 mm) 
of more than 5 km (Tinner et al. 2006). 
Primary dispersal might have occurred 
due to burning of wood- or heathlands on 
the dunes; nevertheless in our case the 
secondary dispersal of charcoal probably 
plays an important role. Human triggered 
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remobilization of dune sediments – due 
to deforestation and intensification of 
agriculture – resulted in the reworking of 
charcoal with the drift of sand. In contrast 
to soil erosion by water, wind erosion is 
not a slope-dependent, spatially orient-
ed process, but occurs omnidirectional. 
Thus, the localization of the catchment 
area is more difficult to characterize, and 
depends on wind direction, wind speed 
and landscape properties (Strehl 1999; 
Duttmann et al. 2004). Scott et al. (2000) 
stated that small charcoal (<4 mm) can 
be transported by strong wind similar to 
the transport of sand. Many of the Jolde-
lund charcoal showed signs of abrasion 
(rounding) which were probably caused 
by longer transport. Single charcoal could 
have been displaced several times before 
they were finally deposited, potentially by 
moving together with sand material.
Due to the ecological characteristics of 
the woody species that occur, we assume 
different origins. Quercus, Ericaceae and 
Pinus probably grow well on sandy soils 
and are naturally dominant on the dune 
complex. If the site conditions become 
more favorable in the course of soil for-
mation and increasing nutrient and water 
availability, Quercus will then outcompete 
Pinus and Betula. Though Fagus proves its 
superiority only on sites with a medium 
water supply and an at least moderate 
nutrient availability, it can grow on nutri-
ent-poor sandy sites, thus Fagus charcoal 
might have been blown in from the imme-
diate vicinity as well as from further away. 
Other species found in the assemblages, 
like Corylus and especially Alnus, need 
soils with at least a larger water storage 
capacity and especially in the case of Cory-
lus also a reasonable nutrient availability. 
Alnus possibly grew on sites with a high 
ground-water table nearby the dunes. 
Hence we assume that some woody spe-
cies have been transported as charcoal 
from locations with different growing con-
ditions around the dunes. Additionally, 
some of the Quercus pieces were rounded 
in shape and seem to be transported over 
a longer distance. Quercus charcoal might 
also originate in part from richer and wet-
ter soils near the dunes. In conclusion, we 
have to consider two source areas: 1) a lo-
cal origin, where fire events took place on 
the dune complex, with subsequent local 
charcoal deposition; and 2) an extra lo-
cal source of unknown distance, charcoal 
rolled along the surface with wind as the 
transport agent. In the single charcoal lay-
ers within the dune complex both sources 
can be mixed – hence it is difficult to dis-
tinguish between local or extralocal / re-
gional sources. However, we assume that 
Ericaceae mostly derive from local sources 
(Scott et al. 2000), whereas, for example 
Alnus and Populus / Salix-type do not grow 
on the dune itself and must be transport-
ed together with the sand.
Another taphonomic aspect to consider 
is a potential bias in the assemblages due 
to different charcoalification processes. 
Scott et al. (2000) found no evidence of 
such a difference; their charred remains 
well represent the vegetation of a con-
temporary heathland fire.
7.5.2 Vegetation history
The charcoal assemblages represent 
the wood spectra from different burning 
105
events. Charcoal is mainly formed dur-
ing woodland / heathland fires, which are 
possibly caused by human activity (apart 
from aeolian unit 1, where natural fire is 
probable during the Late Glacial; however, 
human presence cannot be ruled out, be-
cause there is evidence for it in the wider 
region, e.g. Clausen 1997). Charcoal pro-
duced in these fires represent the current 
vegetation at the burning time and place. 
The first two aeolian units were formed 
before the Preboreal. Natural dune-form-
ing processes seem to end with the estab-
lishment of the first forest systems. Only 
a few charcoals were found which reflect 
the presence of woody species within the 
lowest aeolian unit (Betula, Pinus, Salix 
and Alnus). The cover of vegetation was 
re-opened again with the intensification 
of land-use by humans, which reactivated 
the aeolian sediments. The surface of aeo-
lian unit 2 is dated back to the Late Roman 
Iron Age (~ 400–550 AD), when Quercus 
was the dominant species. Perhaps there 
was a first opening of the Kuhharder Hill 
and its surrounding, and it was used as 
semi-open woodland pasture. Aeolian 
unit 2a is a ploughing horizon and dates 
to the Early Medieval Times (~ 800–1000 
AD). During the following period, Calluna 
increased as a result of opening the forest 
for pastoral use. Only charcoal from the 
local heather vegetation (Ericaceae and 
Quercus) is present in the samples and 
it seems that no aeolian process was in-
volved. This indicates that ploughing took 
place after the burning of heathland. In ae-
olian unit 3, higher values of Betula occur, 
which grows as a pioneer species well after 
the decline of human usage. Furthermore, 
we found no Alnus and Populus / Salix-type 
in this unit, indicating lower regional im-
pact to this charcoal assemblage. The ae-
olian units 4 and 5 and the ditch in the pro-
file 5 seem to represent a mixture of local 
(Ericaceae) and regional vegetation (e.g. 
Alnus, Populus/Salix-type). The decrease 
of Calluna in High to Late Medieval Times 
may be amplified due to higher values of 
regional charcoal. Quercus is the domi-
nant tree species in the Roman Iron Age 
and during Medieval Times. Fagus is pres-
ent during these periods as well, but the 
appearance of Fagus in the Iron Age could 
not be confirmed by dating due to the 
very small size of these fragments. Thus 
a later rearrangement of Fagus cannot be 
ruled out. The dated Fagus fragments so 
far support the assumption that Fagus is 
present in the local woodlands after ~400 
AD, as seen in pollen diagrams (Dörfler 
2000). Whether Fagus immigrated earli-
er, possibly around 500 BC, remains to be 
tested by dating of macroremains. Pollen 
values during this time are low and cannot 
be interpreted as a clear local presence of 
the species. 
Charcoal, analysed by Dörfler and 
Wiethold (2000) from the nearby investi-
gated iron ore production sites, was domi-
nated by Quercus with high values of Alnus 
and single records of Corylus, Betula, Frax-
inus, Populus / Salix-type, Acer, Carpinus 
and Hedera. However, no Fagus occurred. 
The charcoal assemblages of Dörfler and 
Wiethold (2000) represent mixed oak 
forests on wetter soils. In our dune sam-
ples species such as Alnus are very rare. 
If reworking of Roman charcoal from the 
settlement took place in higher quantity, 
then we should find more Alnus. Further 
Dörfler (1995) presented a model for cal-
culation of the wood consumption of the 
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iron ore production in Joldelund. He points 
out that a high amount of wood was re-
quired, but compared to other wood con-
suming activities like the construction of 
houses or tools, the wood demand for iron 
ore production was moderate, and did not 
cause deforestation. 
The charcoal data can be compared to 
palynological evidence from the nearby 
mire Hörrmoos, which is situated one kilo-
metre east of the Kuhharder Hill (Figure 
7.1). Dörfler (2000) showed that a mixed 
oak forest was typical for the region since 
at least 6000 BP, the start of the pollen 
record. The woodland was mainly com-
posed of Quercus, Corylus, Betula and Al-
nus. Tilia, Ulmus, Fraxinus and Salix seem 
to be continuously present, while Acer and 
Populus occur with very low values. Acer 
is insect-pollinated, and Populus pollen 
grains are very sensitive to degradation. 
The curves of Fagus and Carpinus rise af-
ter ~400 AD, giving much discussion about 
whether this is an indication of the first 
occurrences of the late immigrating trees 
at the local scale, or whether single trees, 
that were already present, spread on a 
larger scale. Human indicators such as 
Rumex and Plantago appear around 2600 
BC together with the first cereal grains. 
Since 1300 AD a change to more intensi-
fied agriculture is visible in the diagram, 
resulting in lower values of tree pollen and 
higher values of cereals. Hereafter sand 
layers are visible in the core. Before ~1300 
AD, deforestation took place only at a lo-
cally restricted dimension. During Medi-
eval Times intensive land-use connected 
with a broad woodland cutting and an in-
crease of heathland happened (Dörfler 
2000). A second mire analysed by Dör-
fler (2000) is situated approximately 500 
m east of the Kuhharder Hill dune (»Mire 
covered by dunes«, Figure 7.1). The pollen 
record stretches from 400 BC until 1200 
AD, when the mire was overlaid by sand. 
While the overall vegetation recording is 
comparable to the Hörrmoos, a higher lo-
cal pollen input is visible due to the small 
size of the mire, as can be seen in very 
high values for Calluna. Further, a change 
due to the Roman Iron Age settlement is 
visible, resulting in very low values of trees 
and shrubs.
In this broader palynological context, the 
newly analysed small ditch pollen profile 
provides a very local, on-site impression of 
the vegetation composition. The finding 
of a Fagopyrum (buckwheat) pollen grain 
in the lower part of the profile supports the 
geomorphological dating of the sediment 
formation. Buckwheat was introduced to 
Northern Germany in the 14th century AD 
(Wiethold 1998). With high proportions 
of non arboreal pollen and considerable 
values of Calluna, the assemblages indi-
cate the openness of the site during High 
Medieval / Late Medieval Times. However, 
the increase of Fagus in the upper part of 
the diagram might be connected to a peri-
od of less intense land-use in the 15th cen-
tury AD, which is also reported by Dörfler 
(2000). Surprisingly high values of Corylus 
contradict its general scarceness in the 
charcoal record.
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7.5.3 Linking geomorphology and 
anthracology
For this study, scientists from botany as 
well as geomorphology worked closely 
together, initiated by the geomorpholog-
ical work. One important aspect was the 
taxonomic identification of wood char-
coal prior to radiocarbon dating. The un-
expectedly large number of charcoal rich 
layers provided an abundant amount of 
datable material. It turned out that the 
taxonomical selection of datable charcoal 
was indispensable for the development 
of the dune stratigraphy. In this respect 
we excluded charcoal from dating which 
could be assumed to result in erroneous 
ages, like coniferous species which were 
introduced in recent times. The use of rel-
atively short-living woody taxa such as Er-
icaceae and Populus / Salix makes the date 
more reliable by reducing the potential 
»inbuilt age« (Gavin et al. 2003), which is
for Quercus possibly up to 30–400 years.
For this reason, Quercus was chosen only
exceptionally for dating (see Table 7.1).
Charcoal analysis thus helps to establish a
more precise chronostratigraphy of dune
formation.
The comparison of charcoal assemblag-
es from correlated aeolian units in dif-
ferent neighboring profiles can support 
or contradict the stratigraphic assump-
tions. In this respect, the dating of aeo-
lian unit 1 was supported by the woody 
species assemblage. The layers in profile 
3 and 8 which are related as aeolian unit 
2a showed similarly high values of Quer-
cus and Ericaceae, which support the ge-
omorphologic interpretation as well. The 
correlation of the aeolian units 4 and 5 is 
neither really supported nor contradicted 
by taxa spectra, but is supported by the 
number of taxa per sample, which is high-
er in these aeolian units compared to the 
underlying ones. Another aspect of syner-
gy concerns the interpretation of charcoal 
assemblages for the reconstruction of 
past vegetation. Without the stratigraph-
ic context, taxonomic data are impossible 
to interpret. This is particularly the case if 
charcoal pieces are rearranged over time. 
Of the total of dated charcoal samples, we 
identified four measurements that cannot 
be connected with the dune activity itself 
and are from relocated charcoals. With 
the exception of one sample, the relocat-
ed charcoal dated to the Roman Iron Age. 
Vegetation cover is the main factor which 
controls aeolian sediment transport. Thus, 
charcoal analysis contributes to the re-
construction of local vegetation of the 
different past dune surfaces and gives an 
insight into the wood species composition 
prior erosional events. Additionally, our 
assumption of potential wood provenanc-
es can assess plausibility of the potential 
source areas for the aeolian sediment. 
For example, local charcoal sources of Al-
nus as well as Salix and Populus are most 
likely suspected to the north-northeast as 
well as west-southwest of Kuhharder Hill, 
where these species possibly grew in re-
spective stands in the low lying wetlands, 
which are influenced by groundwater. 
During the Roman Iron Age, the areas of 
Saalian moraine were favored for agricul-
tural land-use, and thus constitute poten-
tial areas for sand and charcoal origin. As 
both the minerogenic as well as peatland 
sites are suitable for Calluna, potential 
catchment areas of heathland are in the 
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surrounding lowlands and at the dunes it-
self. Quercus was intensively used during 
the Roman Iron Age. It is assumed that 
local charcoal transport occurred from 
settlement and iron production sites, but 
this was only slight. Due to the broad site 
conditions under which Quercus can possi-
bly grow, ranging from dry sandy soils to 
wet soils with higher nutrient availability, 
Quercus can grow almost everywhere on 
and around the dunes.
7.6 Conclusion
Sandy deposits forming dunes serve as 
palaeoarchives and contain taxonomical-
ly identifiable wood charcoal. These can 
be used to obtain information on the oc-
currences of woody taxa, for the recon-
struction of vegetation and dune dynam-
ics. Due to various factors influencing the 
charcoal spectra, including particularly 
the reworking processes during the dune 
accumulation, the interpretation of the 
results is complicated. Therefore, an inter-
disciplinary collaboration is an essential 
basis, in this respect: geomorphological 
work on dune formation makes these ar-
chives accessible through profiles, and 
provides stratigraphic hypotheses which 
can be cross-checked by the charcoal as-
semblages. This is supported by physical 
dating to establish a chronostratigraphy, 
which is then used to interpret the woody 
taxa occurrences through time. As a coun-
terpart, vegetation and human activity 
trigger the dune development. For this 
reason, the knowledge about the causing 
processes is essential to comprehend for-
mer sedimentation events. 
In the case of the Joldelund dune complex 
previous archaeological and especially 
palaeobotanical analysis complete the 
picture. The two types of botanical records 
– pollen and charcoal – show some minor 
differences, which can be explained by the 
varying catchment areas, and the propor-
tion of species in the records is linked to 
botanical factors like pollen production of 
single species. A further factor that should 
not be ignored is that charcoals in the 
dune context are mostly originating from 
fires caused by human. Even if no selec-
tion of wood for any purpose is reflected 
in our samples, actions to lighting a fire 
on special areas may affect our results. 
Despite this methodological subject, our 
results demonstrate the development of 
the dune area near to Joldelund. In con-
trast to the vegetation today (coniferous 
afforestation) the dune was formerly for-
ested with a mixed deciduous oak forest. 
In times of human influences a heathland 
with Ericaceae developed. In summary, a 
more precise landscape history scenario 
can be formulated based on this integrat-
ed approach compared to a single disci-
pline approach.
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8Turning human-nature interaction into 3D landscape scenes: An approach to communicate geoarchaeological research
8.1 Introduction
Today, 3D landscape visualizations are 
commonly used in spatial science and 
urban as well as landscape planning. In 
addition, they play an increasing role in 
geoarchaeology and support the three-di-
mensional reconstruction of historic and 
prehistoric landscape changes and pro-
cesses (Sheppard 2001, Lewis and Shep-
pard 2006, Ghilardi and Desruelles 2009, 
Siart et al. 2011). Geoarchaeological re-
search aims to obtain information on pa-
laeoenvironmental changes and to unra-
vel the impact of human activities on the 
development of landscapes (Bork et al. 
1998, Rapp and Hill 2006). Based on chro-
nologically ordered data from geo-bio-ar-
chives, such as slope deposits, soils, lacus-
trine and aeolian sediments and on the 
expert’s knowledge from various scientific 
disciplines as well, landscape visualiza-
tions support an improved understanding 
of landscape change processes over time 
(Duttmann et al. 2012). Moreover, they 
are well-suited to communicate the re-
sults of geoarchaeological research outco-
mes to a broader public. In this respect, a 
major challenge is to create 3D landscape 
visualizations that meet various expecta-
tions of different target groups such as the 
scientific and public communities. How 
can we communicate geoarchaeological 
results via photorealistic 3D landscape vi-
sualization techniques to researchers and 
to the broad public alike? How can we cre-
ate reliable 3D scenarios of past landscape 
surfaces on different geographical scales, 
thus implementing different temporal 
and spatial resolutions? This paper pre-
sents a visualization model which aims to 
(1) create reliable 3D visualizations based 
on verified data from field studies and lab 
analyses, (2) to integrate knowledge from 
multiple disciplines to support an interdis-
ciplinary dialogue and (3) to link scienti-
fic knowledge transfer and public outre-
ach to improve communication between 
scientists and non-scientists. In this study, 
3D visualization software products were 
applied to visually reconstruct landscape 
and dune development in an inland dune 
formation. Based on the following case 
study in Northern Germany, we present 
the implementation of a visualization mo-
del and the corresponding results.
(published in: Kartographische Nachrichten)
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8.2 Study area and 
geoarchaeological context
In a PhD project funded by the Graduate 
School Human Development in Landsca-
pes (GSHDL) at Kiel University, human-in-
duced wind erosion and its consequen-
ces for landscape and dune development 
have been investigated. A small inland 
dune complex in the vicinity of Joldelund 
(Northern Frisia, Germany) was used as a 
case study to investigate timing, intensity 
and frequency of aeolian reactivation re-
flected in sandy deposits of the so-called 
Kuhharder Hill. Bearing in mind that vege-
tation cover is the main factor that cont-
rols aeolian sediment transport, focus of 
the project was also to reconstruct vege-
tation history and past land-use change. 
The Kuhharder Hill dune complex covers 
an area of approximately 2 ha and reaches 
a maximum height of ~30.3 m above sea 
level. It forms the westernmost edge of 
a larger approximately 80-hectare inland 
dune field. The study area is located in 
the Weichselian outwash plain of Schles-
wig-Holstein and is embedded in the 
so-called European Sand Belt; a sand belt 
of extensive aeolian deposits formed pre-
dominantly during the last glacial (Koster 
2005). Wind erosion and the occurrence of 
drift sand have been typical phenomena 
related to the outwash plain of Schles-
wig-Holstein since the very beginning of 
deforestation and agricultural land-use 
(Richter 1995, Duttmann et al. 2004). In 
the region of Joldelund, the first mayor re-
activation of aeolian deposits is known to 
have occurred during the Roman Iron Age 
(Dörfler 2000). At that time, human acti-
vities such as settlement and iron ore pro-
duction caused predominantly local chan-
ges in landscape and vegetation, which 
resulted in moderate sand drifts (Dörfler 
2000, Jansen et al. 2013). As a consequen-
ce of intense deforestation and agricul-
tural land-use during the Middle Ages, 
disastrous wind erosion events occurred, 
leading to vast degradation of farmland 
and the formation of inland dunes such 
as the Kuhharder Hill. Wind erosion pro-
cesses and remobilisation of sandy depo-
sits during Modern and recent times were 
also recorded in neighboring communities 
(Duttmann et al. 2004). Although there 
have been local activities to prevent eros-
ion damage since the 16th century, it took 
until the 1950s for a comprehensive pro-
gram against wind erosion, the Programm 
Nord, to be successfully implemented. 
Within this government-funded program, 
badlands were afforested systematically 
and hedge rows were planted to protect 
wind erosion-prone areas. Since then, the 
aeolian sediments have been stabilized 
under a dense coniferous forest, which 
nowadays serves as woodland and is also 
used for recreational purposes by local re-
sidents (Nielsen 1970). In 1975, a ~1.1 km 
long natural trail was inaugurated in the 
municipality forest of Joldelund providing 
basic information on tree species, native 
animals and archaeological finds (Nielsen 
1978).
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8.3 Turning human-
environmental interaction 
into 3D landscape scenes
 8.3.1 Reconstructing human-
nature interactions and past 
environmental change 
A reconstruction of human-driven 
landscape changes and the development 
of Kuhharder Hill were achieved by a mul-
ti-disciplinary approach interlinking geo-
morphological and pedological analysis 
of soil-sediment-sequences, chronology, 
palaeo-botanical analysis as well as archa-
eological and historical records. In total, 
eleven profiles were excavated 5–25 m in 
length and up to ~2.8 m in depth. With a 
focus on the largest dune body, seven pro-
files were constructed at the Kuhharder 
Hill, two dune profiles form a cross-secti-
on. Past soil surfaces and aeolian deposits 
were documented via scaled drawings, 
identified, and stratigraphically sampled 
for pedological analysis, e.g. grain size, or-
ganic matter and bulk density. In addition, 
sampling for radiocarbon dating (Jansen 
et al. 2013) and OSL dating were carried 
out according to dune stratigraphy. The 
dune profiles display numerous charcoal 
layers intercalated with sandy deposits. 
Therefore they were sampled in order 
to get information on age and species. 
Around 150 drilling cores have been ob-
tained to gather information on the spa-
tial distribution of past dune surfaces and 
the thickness of aeolian deposits. Based 
on dated stratigraphy, several phases of 
dune formation have been identified. The 
dune record revealed three main phases 
of dune formation during the Middle Ages 
as a response to a strongly growing po-
pulation and intensified agricultural land-
use. The youngest deposits were probably 
deposited during Modern Times.
 8.3.2  From field results to 3D 
landscape scenarios
Different 3D visualization software pro-
ducts (Autodesk® 3ds Max®, Visual Nature 
Studio and the Division-owned product 
a3Dc) were applied to visualize geoar-
chaeological results and to reconstruct 
landscape development within the study 
area. In the following, short descriptions 
of 3D visualization software and their 
approaches are provided.
Autodesk® 3ds Max® – A 3D CAD anima-
tion software 
Dune formation, local vegetation and 
landscape changes at Kuhharder Hill were 
visualized using Autodesk® 3ds Max® 8, a 
comprehensive visualization tool primarily 
applied in the fields of design and archi-
tecture – and also in computer games. The 
basic principle of Autodesk® 3ds Max® 8 
is to model 3D objects and create materi-
als representing their surfaces. Simple 3D 
objects such as spheres, cubes or planes 
serve as basic elements for complex sha-
pes. Materials are a collection of textures, 
either from raster images or processed in 
a procedural manner, which are used to 
define the non-geometrical appearance of 
the surface characteristics of a 3D object 
such as color, shade, opacity and others. 
Scene objects can be animated in many 
ways, e.g. animation of spatial position, 
size or surface characteristics of any pa-
112
rameter. According to chronostratigraphy 
of the dune under study, 3D objects have 
been modelled representing changes of 
former surfaces and morphology. Thus, 
the modeling of dune formation is based 
on scaled drawings and graphically recti-
fied photographs of profiles as well as on 
additional drilling. The dune development 
has been visually reconstructed as a dyna-
mic process over time by visualizing not 
only changes in dune morphology but also 
soil formation processes, changes in vege-
tation and land-use patterns as well as 
human activities such as burning, ploug-
hing and smelting iron ore. To achieve a 
photorealistic appearance of the virtual 
landscape, maps and textures were used 
such as photographs of grazing animals 
and plants as well as designed bitmap files 
of soil profiles and aeolian deposits. Dy-
namism of landscape processes was cre-
ated by animating different materials and 
maps, for example, by fading 3D objects 
and animating fire events by modeling fla-
mes and smoke. 
Visual Nature Studio™2.86 – A GIS-ba-
sed landscape visualization software 
Scenarios of the past and actual landscape 
surfaces were visualized using the GIS-ba-
sed software Visual Nature Studio™2.86 
(VNS) developed by 3D Nature. In cont-
rast to 3D CAD software, VNS is speciali-
zed in modeling natural landscapes. By 
using different geospatial data, such as a 
Table 8.1: Selection criteria for offline rendering visualization software concerning landscape scenarios 
Visual Nature Studio™2.86 Autodesk® 3ds Max® 8
Visualization of larger, rural landscapes including 
many vegetation objects
Visualization of urbanized landscapes (e.g. cities) 
including less “natural” areas
Variety of vegetation: visualization of many 
different vegetation objects parametrized by 
attribute data
Variety of vegetation: visualization of less 
diversity of vegetation - without attribute data 
(e.g. density, heights)
Visualization of terrain-based modifications (e.g. 
ditches) using 2D vector- and corresponding 
attribute data
Visualization of many dynamic effects (e.g. fire, 
rain) using particle systems
Camera position: if a higher camera position is 
desired (e.g. bird’s eye-view)*
Camera position: if a lower camera position is 
desired (e.g. human eye-level)
Desired result: rather natural or for 3D 
cartographic applications
Desired result: rather schematic or a 
photorealistic design rendering
Import of data with different map projections Import of data with one map projection which 
has to be defined in the CAD environment
3D modelling: any other 3D modeller for 
generating 3D objects is needed
3D modelling: any imaginable and geometrical 
describable object can be modelled
If import of vector and corresponding attribute 
data is needed
If no import attribute data is needed
* If the camera position is higher the billboards (e.g. trees) are calculated with an algorithm, which result in a more 
realistic overhead view. In contrast, Autodesk® 3ds Max® 8 will just project the billboards to the ground that they 
appear like fallen trees.
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digital elevation model (DEM) and vector 
datasets, raster images as well as model-
led 3D objects as input, VNS enables the 
user to generate photorealistic landsca-
pe images and animations. VNS provides 
a number of pre-defined tools, so-cal-
led components, to generate a virtu-
al landscape. Comparable to a modular 
construction system, landscape features 
such as vegetation, terrain surfaces and 
manipulations, illumination and cloud ty-
pes and water bodies can be defined and 
animated independently. Furthermore, 
texture mapping of terrain surfaces or 3D 
objects allow users to create a realistic 
appearance of surfaces, for example, by 
covering them with hatches, patterns or 
images using GIS data and their attributes 
(e.g. for density, positioning and orien-
tating). By animating single parameters, 
the software provides representation of 
landscape feature dynamics, e.g. vege-
tation, surface movement and land-use 
patterns. Within the project, VNS was 
used to visualize 3D landscape scenarios 
as well as virtual tours for three different 
time periods, specifically for a time travel 
through the Kuhharder Hill dune complex 
during the Roman Iron Age, the Middle 
Ages and modern times. The landscape 
scenarios are based on a DEM12.5 and a 
DEM2 of the area´s recent topography. A 
major task was to generate a vegetation 
cover, including plant composition and 
density for each time period. According to 
literature reviews, archaeological eviden-
ce and pollen records from the Joldelund 
region, different ecosystem components 
were designed, e.g. a mixed-oak forest for 
the Roman Iron Age and heathland for the 
Middle Ages. In order to represent plants 
and vegetation types, billboards were 
used. Billboards are center-view-oriented 
vertical rectangle planes textured with an 
image representing geo-objects such as 
trees, flowers and animals. Subsequently, 
ecosystems were associated with vector 
objects to define spatial position and dis-
tribution. In addition, 3D objects repre-
senting houses of an ancient settlement 
and bloomery furnaces were integrated 
in the virtual landscape. One animation 
uses a static camera position to observe 
the gradual succession of vegetation de-
velopment under different anthropogenic 
influences. Along today´s natural trail for 
visitors, explanations are given at various 
points of interest, hence creating a virtual 
tour through our three time periods. This 
virtual path was created via a moving ca-
mera attached to a predefined route along 
Joldelund natural trail. 
a3dc – A web-based 3D real-time environ-
ment 
The third tool we used is a web-based 
3D real-time environment named a3dc. 
It provides interactive visualizations of 
landscapes using Java3D libraries (Gab-
ler-Mieck and Duttmann 2007). Thus, a3dc 
displays geospatial and thematic infor-
mation as known from common geogra-
phic information systems. But, the a3dc 
software offers numerous other interac-
tion options: Using DEM as basic input, 
it permits unrestricted navigation. a3dc 
also allows modifications of illumination, 
visibility conditions and positioning of 3D 
objects. Therefore, it empowers users to 
perform, for example, interactive 3D visi-
bility analyses. Data is organized in a fre-
ely-definable layer structure, enabling the 
depiction of 3D text, billboards, thematic 
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Figure 8.1: Visualization of dune formation using Autodesk® 3ds Max® 8. 
A: Silvopastoral woodland dominated by oaks; B: Burning of heathland; 
C: Agricultural land-use during the Early Middle Ages; D: First phase of 
dune formation during the Early Middle Ages; E: Present situation 
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maps or 3D objects as layer objects. These 
could be associated with attribute data or 
with URLs to show websites or local HTML 
content. In addition, a3dc allows the as-
signment of one or more behavior to any 
layer object, for example, the animati-
on of layer objects for a predefined path 
(Gabler-Mieck and Duttmann 2007). Com-
parable to VNS and Autodesk® 3ds Max® 
8, raster images are used as billboards for 
displaying single plants or a specific vege-
tation cover. As a result, by translation in 
height, two historical DEMs can be dis-
played in a 3D real-time environment – in 
addition to the recent surface. Each DEM 
is organized with its associated recorded 
data in a different layer. Using the results 
of local landscape visualization done befo-
re via Autodesk® 3ds Max® 8, the excava-
tion hot spot, a cross-section of Kuhharder 
Hill was positioned as POI and associated 
to an autonomous HTML file showing our 
results.
8.4  3D visualization of 
landscape history – local, 
regional and interactive
Scientifically valuable 3D visualizations of 
landscape evolution scenarios and past 
landscape surfaces require geoarchaeo-
logical data of particular high spatiotem-
poral resolution. Such data can often be 
obtained on a relatively large scale only. 
Geoarchaeological data within our project 
are available in varying quality concerning 
temporal and spatial resolution. It was 
possible to develop, on the one hand, a 
detailed chronostratigraphy of the dune 
complex and to reconstruct local vegeta-
tion changes. On the other hand, existing 
palynological, archaeological and historic 
data were used to reconstruct landscape 
changes up to regional scale. Hence, a vi-
sual reconstruction of past landscape sur-
faces pose a particular challenge. In order 
to obtain reliable and valid visualization re-
Figure 8.2: 3D visualization of landscape scenarios (from left to right): (A) Roman Iron Age; (B) Middle Ages (Köllner 
2009); and (C) the present situation of the study area 
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sults, it is essential to create 3D landscape 
visualizations adapted to the spatiotem-
poral resolution of the data. Accordingly, 
visualizations of local and regional scale 
landscape reconstruction were developed 
using Autodesk® 3ds Max® 8 and Visual 
Nature Studio™2.86, respectively. Consi-
dering the scale of the modelled scenes, 
each visualization software has its advan-
tages and disadvantages (see Table 8.1). 
Not only the scale, but also the amount 
of objects and the desired appearance of 
the scene are important selections. Table 
8.1 summarizes some selection criteria for 
choosing the adequate software.
Figure 8.1 exemplarily shows the 3D re-
construction of development of the Kuh-
harder Hill dune and its vegetation and 
land-use alterations following anthro-
pogenic activity. It starts when the natu-
ral forest was supposed to have been in-
creasingly cleared by grazing and iron ore 
production during the Roman Iron Age. 
Hence, forest clearing, changes in vegeta-
tion patterns, probable grazing of goats, 
sheep and cattle are displayed as well as 
the smelting of iron ore. In the course of 
this 3D visualization, the different phases 
of aeolian sand deposition (dune-building) 
during the Middle Ages in conjunction 
with soil development, burning events, 
ploughing activities and spread of heath-
land were reconstructed. Reconstruction 
of the local vegetation was particularly ba-
sed on charcoal analysis of charred wood 
found embedded in dune sediment. Ra-
diocarbon and OSL dating were used for a 
chronology of dune development.  
Based on palynological records, ancient 
settlement patterns and smelting traces, 
scenarios of the Joldelund region have 
been visually reconstructed for the Ro-
man Iron Age and the Middle Ages (Figu-
re 8.2A-B). In addition, historical maps, a 
map of potential natural vegetation and 
expert knowledge was taken into account 
Figure 8.3: Interactive visualization of Joldelund applying 3D real-time environment a3dc (screenshots).
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to provide further information on ancient 
landscape conditions and to enhance the 
validity of regional scale visualizations. All 
scenarios are based on the recent digital 
elevation model, thus, changes in aeo-
lian morphology could not be displayed 
on this scale. The present situation of the 
study area was visualized using botanical 
records, investigator observations and 
photographs of the dune profiles (Figure 
8.2C). The excavated trenches at the dune 
complex were incorporated in the DEM 
and were displayed using photographs 
as texture. In this way, a presentation of 
geoarchaeological field work is included. 
By using the same virtual camera path as 
mentioned before, landscapes scenarios 
can be compared with respect to the par-
ticular changes in vegetation and land-use 
patterns over time. However, visualiza-
tions which serve as pure visual presen-
tations are only of limited value if they do 
not provide additional information and 
analytical and / or interactive functionali-
ties (Duttmann et al. 2012). This also holds 
particular true for the 3D visualization and 
reconstruction of palaeo-environmental 
conditions. Photorealistic landscape vi-
sualizations easily involve the impression 
that the past landscape might have ex-
actly appeared like the virtual landscape 
scenario (Winterbottom and Long 2006).
In this respect, data transparency and tra-
ceability of geoarchaeological results are 
indispensable for the legitimacy and reli-
ability of a 3D landscape reconstruction. It 
should therefore be assumed that visualiz-
ations of past development of landscapes 
– no matter if they are 2D or 3D – are deri-
ved from an incomplete data record. They 
are visual outcomes of comprehensive in-
terdisciplinary research efforts. However, 
to achieve the objective of appropriate vi-
sualization and, thus, communicating our 
results to the scientific community and 
the public alike, interactive visualization 
techniques provide opportunities to meet 
different requirements of »user-orienta-
ted« visualization.  
By integrating an interactive real-time en-
vironment into our visualization model, we 
intended to support scientific discussion 
on the acquired field data, palaeo-botani-
cal analyses, laboratory and dating results 
as well as to improve geoarchaeological 
interpretation on landscape changes. The 
3D real-time software a3dc we introduced 
here uses online rendering that calculates 
at least 15 images per second. Therefo-
re, generating results as photorealistic as 
those that result in offline rendering is not 
possible.
Using a3Dc, an interactive exploration 
of virtual landscapes, analysis of diffe-
rent dune surfaces and the query of data 
were combined with visualization results 
of local and regional landscape recons-
tructions (Figure 8.3A–C). In addition to 
DEM of the recent landscape surface, 
two further elevation models represen-
ting past dune surfaces of the Roman Iron 
Age and the Early Middle Ages have been 
integrated. The corresponding elevation 
data of former dune surfaces derived from 
excavated dune profiles and from drilling 
records were subsequently interpolated 
within ArcGIS 9.3 (ESRI).
As a result, the past relief becomes evi-
dent: Users can navigate freely and explo-
re the reconstructed former aeolian relief. 
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Scientists and the public alike can choose 
a user-defined walk in the virtual environ-
ment of past-to-present Kuhharder Hill 
dune  (Figure 8.3C). The respective data 
set of each drilling core can be queried 
by selecting a layer containing positions 
as well as pedological and geomorpholo-
gical field records. Figure 8.3A shows the 
acquired data record of one drilling core, 
including core identification, stratigra-
phical correlation and thickness of soil 
horizon / sediment layer, determination 
of soil color and results of grain size ana-
lysis. Further information, such as dating 
results, palynological / charcoal analysis 
etc., can be included and queried. The 
3D real-time environment thus serves as 
an information system for the underlying 
geoarchaeological record. By defining op-
tions for different layer objects, the actual 
coniferous forest as well as results of local 
vegetation reconstruction (charcoal ana-
lysis) is presented by using billboard (Figu-
re 8.3C). Figure 8.3B shows how visualiza-
tion results of local and regional landscape 
reconstructions are integrated in the re-
al-time environment. A cuboid-shaped 
layer object representing the cross section 
of Kuhharder Hill dune was configured as 
POI. The results of local landscape visualiz-
ation appear in the HTML-Viewer as a new 
window (Figure 8.3A–B). Analysis functio-
nalities are provided: To process visibility 
analyses, the user can choose viewpoints 
himself and can configure illumination 
and visibility conditions (Figure 8.3C). 
To evaluate landscape scenarios, profound 
knowledge of the data basis is essential. 
Given this prerequisite, 3D visualization 
Figure 8.4: Interactive learning environment designed as a virtual circular trail for a wider general public (Köllner 
2009)
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techniques enable an enhanced under-
standing of past landscape development. 
Thus, former change processes became 
clear, and can be interpreted in geoarcha-
eological contexts. For the widespread 
communication of our results there is a 
need to adapt presentation and visualiza-
tion of the data according to demands of 
the users. The information given should 
be easy to understand – without scientific 
background knowledge. For environmen-
tal education, interactive features help to 
promote a better understanding of space 
and time scales (Boldt et al. 2005).
This proved true in the project worked out 
by Köllner (2009), who created an inter-
active multimedia learning environment 
using Macromedia Shockwave Director® 
8.5. This bilingual learning environment 
represents 3D landscape scenarios of two 
cultural periods: the Roman Iron Age and 
the Middle Ages. It integrates additional 
information on human-environmental in-
teraction such as metallurgy, settlement, 
vegetation, soil development and wind 
erosion (Figure 8.4). When users select a 
time frame, they are guided through the 
reconstructed virtual landscape: Along 
the trail, four learning stations (POI) pro-
vide additional information on demand.  
The learning station of the Roman Iron 
Age, for example, provides facts on 1) 
metallurgy and settlement 2) soil types 
and their development 3) former tree 
species and vegetation development as 
well as 4) agricultural land-use with influ-
ences on landscape dynamics. Compa-
red to the above mentioned 3D real-time 
environment, the learning environment 
implemented by Köllner (2009) offers 
Figure 8.5: Visualization model 
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less interactivity in favour of a guided 
knowledge transfer. Therefore, the inter-
active learning environment developed in 
our project for public knowledge transfer 
enables the user to select topics according 
to his or her own interests.
Figure 8.5 summarizes the visualization 
model described above: Based on geoar-
chaeological data from field studies and 
lab analyses 3D landscape scenarios of 
different geographical scales – thus, dif-
ferent spatial and temporal resolution of 
the data – are created. Photorealistic 3D 
visualizations of past landscape changes 
and dune development are integrated in 
an interactive multimedia learning en-
vironment as well as in a3Dc, a web-ba-
sed 3D real-time environment. The latter 
provides analysis functionalities and query 
of additional information on the original 
field and lab data and, thus, can improve 
scientific interpretation on landscape ch-
anges of the past. A communication of our 
research results to the general public is 
achieved via a learning environment that 
is aiming to support environmental educa-
tion.   
8.5 Summary
Within a PhD project on geoarchaeologi-
cal reconstruction of aeolian landscapes, 
three 3D visualization software products 
were applied in order to visualize and, 
thus, communicate scientific results to the 
scientific community and the general pub-
lic alike. Landscape visualizations for geo-
archaeological purposes should overcome 
different geographical scales and levels 
of detail. For that reason, highly detailed, 
local 3D landscape reconstructions and 
also general scenarios of past landscape 
surface changes were realised. To enhan-
ce and support geoarchaeological inter-
pretation and to facilitate the generation 
of knowledge on landscapes changes, a 
3D real-time environment was implemen-
ted. In the visualization model, interacti-
ve data analysis, query, exploration and 
transparency represent the main advanta-
ges of real-time environment a3dc. 
The combination of both offline and on-
line rendering techniques allows a com-
prehensive visualization of geoarchaeolo-
gical results and thus allows us to bridge 
different scientific requirements and the 
expectations of public users. Not only in-
terdisciplinary critique on data records is 
promoted this way, but also a discourse on 
different 3D visualization results is suppor-
ted. 3D visualization tools serve as com-
munication instruments which are useful 
for the scientific community and informa-
tive for the general public alike. By integ-
rating a multimedia learning platform, our 
visualization model contributes to science 
and public outreach as well as to environ-
mental history education and may revive 
a constructive dialogue between resear-
chers and the general public.  
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9Conclusion
Landscape development and human-en-
vironmental interactions over the past 
~ 2500 years have been in focus of the ge-
oarchaeological research presented in this 
thesis. Using an inland dune landscape 
in Northern Germany as a case study, as-
pects of timing, causes and effects of hu-
man-initiated landscape changes were in-
vestigated in the context of wind-induced 
soil erosion and re-activation of sandy 
sediments. In the following paragraphs, 
the main conclusions and possible impli-
cations of this study are summarized.
In chapter 6 a chronology for the Holo-
cene aeolian sedimentation of a north-
ern-German inland dune sequence was 
established with high temporal and spa-
tial resolution that is based on a multidis-
ciplinary approach linking both 14C and 
OSL dating techniques. In this study the 
effects of land degradation caused by 
medieval settlement and land-use expan-
sion on the formation drift sand deposits 
could be quantified for the first time. The 
combination of a detailed chrono-strati-
graphic approach, geospatial models 
and pollen records was able to show that 
widespread deforestation and intensifica-
tion of agriculture in the research area led 
to an instant destabilization of the before 
stable surface, and to a subsequent onset 
of large Aeolian activity. Four phases of 
aeolian sedimentation of increasing mag-
nitude have been identified and related to 
past regional settlement and land-use his-
tory. Human activities during the Roman 
Iron Age Period (~ 0–500 AD) had only low 
impact on the landscape, which resulted in 
the lowest sediment values and deposition 
rates (0.12 ± 0.02 t ha-1 a-1). Since the Early 
Medieval period (~ 700 AD), intensification 
of land-use caused overexploitation of the 
land which, in turn resulted in rapid dune 
formation and the highest deposition 
rates (< 800 years for ~ 45 % of the total 
net sediment mass) found in the KHD re-
cord since the Late Pleistocene. The study 
demonstrates that the identified phases 
of increased Aeolian activity and results 
of quantification are in very good corre-
lation with pollen records of the area. It 
could be highlighted that, in contrast to 
pollen records which may reflect indirect-
ly degrading of environmental conditions, 
inland dunes may provide important, 
complementary archives for identifying 
landscape system thresholds and quanti-
fying the effects of land overexploitation. 
Additionally, this study shows that medi-
eval sediment reactivation is coincident 
with settlement abandonment and likely 
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to be its cause. The observed feedback 
structures of human-environmental inter-
actions found to be cyclical: Due to poor 
land-use management in historic and re-
cent times severe drifting of sand and the 
accumulation of dunes occurred, forcing 
the local farmers to abandon their field 
and even their settlement, and adapting 
more extensive land management practic-
es (extensive grazing, afforestation). Our 
results may have implications on studies 
on aeolian sedimentation throughout the 
ESB that previously argued medieval set-
tlement abandonment to be usually mul-
ticausal.   
In chapter 7, past local vegetation and 
dune dynamics are reconstructed on the 
basis of an integrated approach that com-
bines pollen analysis with wood analysis 
from soil charcoal and the geomorpho-
logical context of the deposits in which 
they are incorporated. The study shows 
that sandy deposits forming dunes serve 
as palaeoarchives and contain taxonom-
ically identifiable wood charcoal. These 
can be used to obtain information on the 
occurrences of woody taxa, for the recon-
struction of vegetation and dune dynam-
ics. Due to various factors influencing the 
charcoal spectra, including particularly 
the reworking processes during the dune 
accumulation, the interpretation of the 
results is complicated. Therefore, an inter-
disciplinary collaboration is an essential 
basis, in this respect: Geomorphological 
work on dune formation makes these ar-
chives accessible through profiles, and 
provides stratigraphic hypotheses which 
can be cross-checked by the charcoal as-
semblages. This is supported by physical 
dating to establish a chronostratigraphy, 
which is then used to interpret the woody 
taxa occurrences through time. As a coun-
terpart, vegetation and human activity 
trigger the dune development. For this 
reason, the knowledge about the causing 
processes is essential to comprehend for-
mer sedimentation events. In the case of 
the Joldelund dune complex previous ar-
chaeological and especially palaeobotani-
cal analysis complete the picture. The two 
types of botanical records – pollen and 
charcoal – show some minor differences, 
which can be explained by the varying 
catchment areas, and the proportion of 
species in the records is linked to botani-
cal factors like pollen production of single 
species. A further factor that should not 
be ignored is that charcoals in the dune 
context are mostly originating from fires 
caused by human beings. Even if no selec-
tion of wood for any purpose is reflected 
in our samples, actions to lighting a fire 
on special areas may affect our results. 
Despite this methodological subject, our 
results demonstrate the development of 
the dune area near to Joldelund. In con-
trast to the vegetation today (coniferous 
afforestation) the dune was formerly for-
ested with a mixed deciduous oak forest. 
In times of human influences a heathland 
with Ericaceae developed. This implies, 
that a more precise landscape history sce-
nario can be formulated based on this in-
tegrated approach compared to a single 
discipline approach.
On the basis of comprehensive geoar-
chaeological research, in chapter 8, a visu-
alization model is established and is found 
to be suitable to meet the various expec-
tations of different target groups such as 
the scientific and public communities. This 
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study finds that the combination of offline 
and online rendering techniques allows 
the creation of reliable scientific visualiza-
tions of palaeoenvironmental reconstruc-
tions that meet the challenge of different 
spatiotemporal resolutions inherent in 
the multiple data sets. Using the soft-
ware Autodesk® 3ds Max® 8 and Visual 
Nature Studio™2.86, photo-realistic 3D 
visualizations of i) local vegetation histo-
ry and dune development and ii) region-
al-scale scenarios of past environmen-
tal conditions were established. As pure 
visual presentations are lacking analytical 
and / or interactive functionalities, the vis-
ualization model was expanded to also 
include online rendering techniques, such 
as the 3D real-time environment a3Dc and 
a multimedia learning environment using 
Macromedia Shockwave Director® 8.5. 
Importantly, the a3Dc is found to permit 
the user to interactively analyse, query 
and explore the reconstructed virtual 3D 
landscape and to provide additional infor-
mation on the geoarchaeological records 
on which landscape reconstruction is 
based. Not only interdisciplinary critique 
on data records is promoted this way, but 
also a discourse on different 3D visualiza-
tion results is supported. The study con-
cludes that 3D visualization tools serve 
as powerful communication instruments 
which are useful for the scientific commu-
nity and informative for the general public 
alike. By integrating a multimedia learning 
platform, our visualization model contrib-
utes to science and public outreach as well 
as to environmental history education and 
may revive a constructive dialogue be-
tween researchers and the general public. 
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Appendix 2
Results of AMS 14C dating
Results of OSL dating and measurement report
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Measurement report (source: University of Szeged, provided by Dr. Sipos György)
Results of SAR Test
Figure 1: Results of preheat and dose recovery tests, sample OSZ488. Each point is the 
mean of three aliquots, error bars represent the standard deviation of values. (A) 
Equivalent dose of natural discs plotted against preheat temperature. Fairly uniform data 
were received between 180-260 °C. (B) The change of recycling ratio (filled circle) and 
recuperation (filled triangle) with preheat temperature in the naturally irradiated 
samples. In an ideal situation recycling ratio equals 1.00 (marked by the upper dashed 
line). Note that the most precise results were received at 220 °C. The malicious effect of 
recuperation can be disregarded if its value does not exceed 5 % marked by the lower 
dashed line). Until reaching 240 °C recuperation is well below the threshold. (C) Equivalent 
dose of artificially irradiated discs plotted against preheat temperature. The recovered dose 
was 0.78 Gy (marked by the dashed line). Note that the deviation of the average value from 
the known dose and the variation of individual results was very low in the 180-260 °C r 
egion. (D) The change of recycling ratio (filled circle) and recuperation (filled triangle) with 
preheat temperature in the artificially irradiated samples. Recycling ratios are close to unity, 
and recuperation does not exceed 5 % until reaching 260 °C. (E) Dose recovery at different 
temperatures (ratio of measured and given dose). Results suggest a high reproducibility of 
measurements in the 180-260 °C t emperature region. Diagrams indicate the applicability of 
the SAR protocol. Based on the results for the final measurements a 220 °C preheat 
temperature was appli ed. 
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Figure 2: Results of preheat and dose recovery tests, sample OSZ489. Each point is the 
mean of three aliquots, error bars represent the standard deviation of values. (A) 
Equivalent dose of natural discs plotted against preheat temperature. Data show 
relatively low scatter between 180-260 °C (B) The change of recycling ratio (filled circle) 
and recuperation (filled triangle) with preheat temperature in the naturally irradiated 
samples. In an ideal situation recycling ratio equals 1.00 (marked by the upper dashed 
line). Note that the scatter of results is the lowest in the 200-240 °C temperature region. 
The malicious effect of recuperation can be disregarded if its value does not exceed 5 % 
(marked by the lower dashed line). Until reaching 240 °C recuperation is well below the 
threshold. (C) Equivalent dose of artificially irradiated discs plotted against preheat 
temperature. The recovered dose was 0.78 Gy (marked by the dashed line). Note that the 
deviation of the average value from the known dose and the variation of individual results 
was very low in the 180-260 °C region. (D) The change of recycling ratio (filled circle) and 
recuperation (filled triangle) with preheat temperature in the artificially irradiated samples. 
Recycling ratios are close to unity, and recuperation does not exceed 5 % until reaching 260 
°C. (E) Dose recovery at different temperatures (ratio of measured and given dose). Results 
suggest a high reproducibility of measurements in the 180-240 °C temperature region. 
Diagrams indicate the applicability of the SAR protocol. Based on the results for the final 
measurements a 210 °C preheat tempera ture was applied. 
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Figure 3: Results of preheat and dose recovery tests, sample OSZ490. Each point is the 
mean of three aliquots, error bars represent the standard deviation of values. (A) 
Equivalent dose of natural discs plotted against preheat temperature. Data show 
relatively low scatter between 180-240 °C. (B) The change of recycling ratio (filled circle) 
and recuperation (filled triangle) with preheat temperature in the naturally irradiated 
samples. In an ideal situation recycling ratio equals 1.00 (marked by the upper dashed 
line). Note that the scatter of results is low in the 180-280 °C temperature region. 
The malicious effect of recuperation can be disregarded if its value does not exceed 5 % 
(marked by the lower dashed line). Until reaching 240 °C recuperation is well below the 
threshold. (C) Equivalent dose of artificially irradiated discs plotted against preheat 
temperature. The recovered dose was 0.58 Gy (marked by the dashed line). Note that the 
deviation of the average value from the known dose and the variation of individual results 
was very low in the 180-280 °C region. (D) The change of recycling ratio (filled circle) and 
recuperation (filled triangle) with preheat temperature in the artificially irradiated samples. 
Recycling ratios are close to unity, and recuperation does not exceed 5 % until reaching 260 
°C. (E) Dose recovery at different temperatures (ratio of measured and given dose). Results 
suggest a high reproducibility of measurements in the 180-280 °C temperature region. 
Diagrams indicate the applicability of the SAR protocol. Based on the results for the final 
measurements a 210 °C preheat tempera ture was applied. 
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Figure 4: Results of preheat and dose recovery tests, sample OSZ490. Each point is the 
mean of 3 aliquots, error bars represent the standard deviation of values. (A) 
Equivalent dose of natural discs plotted against preheat temperature. Data show 
relatively low high scatter even at low temperatures. (B) The change of recycling ratio (filled 
circle) and recuperation (filled triangle) with preheat temperature in the naturally 
irradiated samples. In an ideal situation recycling ratio equals 1.00 (marked by the upper 
dashed line). Note that the scatter of results is acceptable in the 220-260 °C temperature 
region. The malicious effect of recuperation can be disregarded if its value does not 
exceed 5 % (marked by the lower dashed line). Until reaching 260 °C recuperation is well 
below the threshold. (C) Equivalent dose of artificially irradiated discs plotted against 
preheat temperature. The recovered dose was 0.58 Gy (marked by the dashed line). Note 
that the deviation of the average value from the known dose and the variation of individual 
results was low in the 180-260 °C region. (D) The change of recycling ratio (filled circle) and 
recuperation (filled triangle) with preheat temperature in the artificially irradiated samples. 
Recycling ratios are close to unity, and recuperation does not exceed 5 % until reaching 260 
°C. (E) Dose recovery at different temperatures (ratio of measured and given dose). Results 
suggest a high reproducibility of measurements in the 180-280 °C temperature region, 
lowest variation was experienced at 240 °C. Diagrams indicate the applicability of the SAR 
protocol. Based on the results for the final measurements a 240 °C preheat temperature 
was applied.  
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SAR Measurements 
Settings used throughout the measurements are shown in Table 1. 
Table 1: Measurement parameters for the applied SAR sequences 
step 1-6. cycles 7. cycle
1 Dose: 0; 0.39; 0.78; 1.16; 0; 0.78 Gy Dose: 0.78 Gy 
2 Preheat: 210 or 240 °C for 10s Preheat: 210 or 24 0 °C for 10s 
3 Stimulation: Blue LEDs, 40 s at 125 °C Stimulatio n: IR LEDs, 10 s at 50 °C 
4 Test Dose: 1.16 Gy Stimulation: Blue LEDs, 10 s at 160 °C 
5 Cut heat: 160 °C for 0s 
6 Stimulation: Blue LEDs, 40 s at 125 °C 
7 Stimulation: Blue LEDs, 40 s at 280 °C 
In the 1st cycle the natural luminescence is measured (Fig 5), in the 2-4th cycles 
regeneration doses are added to set up the dose response curve, in the 5th cycle no dose 
is given to explore the effect of preheat and thermal transfer, in the 6th cycle one of the 
previous regeneration doses is administered again to determine the recycling ratio, in the 
7th cycle after artificial dosing Infrared and Blue stimulations are used to identify any 
feldspar contamination. Test doses and responsive luminescence signals are 
applied for the normalisation of regenerative data, i.e. the sensitivity correction of the 
dose response curve (Figure 5). 
Figure 5.1: (A) Typical natural OSL decay curve of an aliquot bearing sample OSZ488. 
For the caculaions the first 0.5 s of the curve was applied, the last 5.0 s was taken as 
background. Note the sharp decay of the curve, which resembles a well behaving 
sample (B) Dose response curve for the same aliquot. Individual points mark the 
sensitivity corrected luminescence responses for regeneration doses. A linear fit was applied 
for determining the regression. Red lines refer to the natural luminescence projected onto 
the curve in order to calculate the naturally absorbed dose from the function of dose and 
luminescence.  
The SAR protocol was run on 24-24 aliquots on each sample, setting up a dose response 
curve for each aliquot. Some aliquots were however rejected from equivalent dose 
calculations for the following reasons: the recycling ratio was outside 1.00±0.10 (referring to 
increased sensitivity change), the recuperation signal was over 5 % of the natural signal 
(referring to significant charge transfer), the error of the De was larger than 10 % (referring 
to deviation from linear fitting and error in sensitivity correction), or the IR/OSL ratio 
measured in the last cycle exceeded 0.05 (referring to feldspar contamination). Table 2 
shows the results for each aliquot, and the equivalent dose values which were rejected due 
to failing the above criteria. 
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Table 2: Equivalent dose (De) data of the measured aliquots. Those aliquots 
which failed one of the criteria above (marked red) were excluded from further analysis. 
OSZ488 OSZ489 OSZ490 OSZ491 
criteria criteria criteria criteria aliq. 
De (Gy) 
1 2 3 4 
De (Gy) 
1 2 3 4 
De (Gy) 
1 2 3 4 
De (Gy) 
1 2 3 4 
1 0.66 ± 0.02 0.58 ± 0.03 0.52 ± 0.04 0.65 ± 0.02 
2 0.77 ± 0.03 0.50 ± 0.03 0.47 ± 0.02 0.65 ± 0.02 
3 0.87 ± 0.03 0.49 ± 0.03 0.49 ± 0.02 0.48 ± 0.03 
4 0.60 ± 0.06 0.50 ± 0.02 0.49 ± 0.03 0.48 ± 0.02 
5 0.72 ± 0.03 0.52 ± 0.02 0.56 ± 0.03 1.30 ± 0.05 
6 0.70 ± 0.03 0.44 ± 0.02 0.54 ± 0.03 0.99 ± 0.04 
7 0.66 ± 0.05 0.49 ± 0.02 0.47 ± 0.03 0.59 ± 0.02 
8 0.74 ± 0.03 0.43 ± 0.02 0.49 ± 0.03 0.55 ± 0.04 
9 0.70 ± 0.03 0.54 ± 0.03 0.62 ± 0.03 0.60 ± 0.03 
10 0.71 ± 0.04 0.53 ± 0.02 0.51 ± 0.02 1.18 ± 0.04 
11 0.70 ± 0.02 0.61 ± 0.02 0.58 ± 0.03 0.55 ± 0.02 
12 0.65 ± 0.02 0.65 ± 0.02 0.51 ± 0.02 0.71 ± 0.04 
13 0.63 ± 0.03 0.53 ± 0.02 0.56 ± 0.02 0.65 ± 0.03 
14 0.73 ± 0.03 0.42 ± 0.01 0.49 ± 0.03 0.65 ± 0.04 
15 0.67 ± 0.02 0.46 ± 0.03 0.55 ± 0.02 0.60 ± 0.02 
16 1.07 ± 0.03 0.63 ± 0.02 0.78 ± 0.03 0.59 ± 0.02 
17 0.64 ± 0.02 0.55 ± 0.02 0.58 ± 0.02 0.71 ± 0.03 
18 0.72 ± 0.02 0.47 ± 0.02 0.49 ± 0.05 0.58 ± 0.02 
19 0.64 ± 0.02 0.51 ± 0.02 0.47 ± 0.03 0.61 ± 0.02 
20 0.69 ± 0.03 0.39 ± 0.02 0.53 ± 0.02 1.59 ± 0.05 
21 0.67 ± 0.04 0.54 ± 0.03 0.53 ± 0.02 0.57 ± 0.03 
22 0.68 ± 0.03 0.53 ± 0.03 0.59 ± 0.02 0.56 ± 0.03 
23 0.65 ± 0.03 0.38 ± 0.05 0.53 ± 0.02 0.69 ± 0.02 
24 0.69 ± 0.03 0.59 ± 0.02 0.61 ± 0.02 0.61 ± 0.03 
Results 
Aliquots passing the rejection criteria were applied to calculate the final equivalent 
dose values. A probability density function was set up from aliquot data. Mean is the 
weighted mean, error is the weighted standard deviation of individual De values (Fig. 6-9). 
Some of the proper aliquots exhibited extraordinarily high De values. The reason for 
this can be some inherited OSL signals from older depositional phases, i.e. bleaching during 
the most recent sedimentation was not entirely adequate in case of certain grains. The 
problem seems however isolated, thus these aliquots were considered as outliers and 
excluded from later analysis (Fig. 6-9). Equivalent dose results applied later to age 
calculation are summarised in Table 3. 
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Figure 7: Distribution of De values of OSZ489 aliquots passing the rejection procedure. 
Note that no true outliers could be identified. The separate peaks of the curve 
indicate that resetting during deposition was not entirely effective. In all 17 aliquots were 
applied, the weighted mean of their De values is 0.52 ± 0.07. 
Figure 8: (A) distribution of De values of OSZ490 aliquots passing the rejection 
procedure. Note the outlier. (B) Refined probability density function by excluding the 
outlier from the analysis. Finally 16 aliquots were applied, the weighted mean of their De 
values is 0.54 ± 0.04. 
Figure 9: (A) distribution of De values of OSZ491 aliquots passing the rejection 
procedure. Note the two outliers. (B) Refined probability density function by excluding 
outliers from the analysis. Finally 13 aliquots were applied, the weighted mean of their 
De values is 0.59 ± 0.06. 
Figure 5: (A) distribution of De values of OSZ488 aliquots passing the rejection 
procedure. Note the two outliers. (B) Refined probability density function by excluding 
outliers from the analysis. Finally 19 aliquots were applied, the weighted mean of their 
De values is 0.68 ± 0.04. 
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Appendix 3
Results of palynological and anthracological analysis
183
Results of anthracological analysis
184
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Appendix 4
TIN-models of former dunes surfaces using ArcGIS 10.1
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Appendix 5
3D visualizations (referring to Lungershausen et al. 2013)
192
Examples 
Autodesk® 3ds Max® 8
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